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FLUSHING    IN    PIPE    SEWERS. 


By  H.  N.  Ogden,  Jim.  Am.  Soc.  C.  E. 
Presented  May  4th,  1898. 


WITH    DISCUSSION. 

The  use  of  flush-tanks  in  connection  with  small  pipe  sewers,  which 
has  been  made  an  integral  part  of  the  "  Separate  System  "  and  gener- 
ally adopted  in  systems  caring  only  for  house  sewage,  is  attended  with 
much  uncertainty.  In  such  systems  it  is  generally  siaecified  that  a  flush- 
tank  be  placed  at  the  head  of  every  lateral,  each  tank  being  so  regulated 
as  to  discharge  at  least  once  in  24  hours.  The  relation  between  the  size 
of  the  sewer  pipe  and  the  amount  of  water  used  in  a  flush  is  not  given, 
nor  is  the  influence  of  grade  discussed.  The  general  law  is  laid  down 
that  all  laterals,  regardless  of  size,  grade,  or  contributing  population, 
must  be  supplied  with  flush-tanks  in  order  to  secure  a  self-cleansing 
flow  in  the  laterals  and  to  maintain  the  integrity  of  the  system. 

The  flnancial  burden  of  such  a  requirement  is  evident.  As  an  ex- 
ample, it  may  be  cited  that  in  the  plans  for  the  sewerage  system  of 
Ithaca,  N.  Y.,  in  which  this  requirement  of  flush-tanks  was  thoroughly 
complied  with,  even  for  the  12%  grades,  no  less  than  131  flush-tanks 
were  required  in  25.3  miles  of  sewers,  or  one  for  every  1  020  ft.  The 
relative  importance  of  the  flush-tanks  may  also  be  seen  by  comparing 
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the  actual  cost  of  the  sewers  with  the  estimated  cost  of  the  tanks. 
The  cost  of  the  sewers,  viz.,  the  sum  of  the  amounts  of  the  several 
contracts  was  $81  000,  and,  estimated  at  ^50.00  each,  the  flush-tanks 
would  cost  ^6  550,  or  more  than  8%  of  the  cost  of  the  system.  It 
would  seem,  then,  that  the  cost  of  flush-tanks  is  by  no  means  insignifi- 
cant, but  that  their  use  increases  the  cost  of  the  separate  system  by 
nearly  one-tenth,  besides  introducing  a  permanent  charge,  both  for 
water  used  and  for  intelligent  care  in  maintenance.  That  these 
annual  charges  are  no  bagatelle  will  be  apparent  by  again  referring  to 
the  case  of  Ithaca.  Assuming  that  the  tanks  required  are  of  only  150 
galls,  capacity,  a  minimum  amount,  discharging  but  once  a  day,  the 
water  required  is  19  650  galls,  a  day.  Twenty  cents  per  1  000  galls, 
(the  amount  charged  in  Ithaca*)  is  a  fair  average  amount,  and  at 
that  price  the  daily  charge  for  water  is  $3.93  or  $1  434.45  per  year. 
Adding  to  this  $600  per  year  as  the  wages  of  a  mechanic,  whose  con- 
stant attention  is  found  by  experience  to  be  necessary  in  examining 
and  readjusting  the  tanks,  the  total  annual  charge  is  $2  084.45.  This, 
capitalized  at  6%,  gives  $33  908,  and,  added  to  the  $6  550,  gives 
$40  458  as  the  total  expenditure  on  account  of  flush-tanks  in  a  sewer 
system  costing  for  pipe  laid  $81  000.  Surely  the  item  of  flush-tanks  is 
an  important  one,  and  should  be  carefully  examined,  so  that  if  the 
conditions  of  the  sewer  grade,  for  example,  modify  the  necessity  for 
tanks,  or  if  the  amount  of  water  is  a  function  of  the  time  interval  be- 
tween flushes,  or  of  the  size  of  the  pipe,  it  may  be  known  in  order 
that  the  large  proportionate  cost  of  flushing  may  be  reduced  to  what 
has  been  found  by  careful  investigation  to  be  an  absolute  minimum. 

That  the  requirement  given  above  is  felt  by  present-day  engineers 
to  be  largely  in  excess  of  necessity  is  suflBciently  evident  from  a  study 
of  the  paper  by  F.  S.  Odell,  M.  Am.  Soc.  C.  E.,  entitled  "The  Sepa- 
rate Sewer  System  Without  Automatic  Flush-Tanks,"!  and  the  subse- 
quent discussion,  in  which  the  author  says  that  at  Mt.  Vernon,  N.  Y., 
no  flush-tanks  are  used,  and  that,  while  hand-flushing  by  means  of  fire 
hose  is  practiced  at  intervals  of  six  months,  even  this  infrequent  flush- 
ing does  not  apjjear  necessary,  as  examination  of  the  sewers  invariably 
shows  a  very  wholesome  and  satisfactory  condition.  In  the  discus- 
sion very  little  positive  evidence  is  given,  but  the  experiences  recorded 
go  chiefly  to  show  that  while  automatic  flush-tanks  do  not  in  them- 

*  Manual  of  American  Water  Works,  1897. 
t  Tfanaactions,  Vol.  sxxiv,  page  223. 
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selves  make  tlie  separate  system  practicable,  there  is,  nevertheless,  a 
need,  under  certain  conditions,  for  flushing,  those  conditions  being  as 
yet  not  fully  determined. 

The  questions,  answers  to  which  are  essential  for  an  intelligent 
disjjosal  of  fliish-tanks  on  a  sewer  system,  are  four,  viz. : 

1.  What  is  the  relation,  if  any,  between  the  grade  of  the  sewer  and 
the  necessity  for  automatic  flush-tanks? 

2.  Assuming  a  need  for  automatic  tanks,  how  does  the  grade  of  the 
sewer  affect  the  amount  of  water  required,  and  what  is  the  proper 
amount  to  be  used? 

3.  How  often  should  tanks  be  discharged? 

4.  "What  efi'ect  does  the  substitution  of  a  6-in.  for  an  8-in.  lateral 
have  on  the  necessity  for  tanks  and  on  the  amount  of  water  to  be  used? 
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Before  attempting  to  answer  these  questions,  it  will  be  well  to  look 
at  the  subject  broadly,  and  consider  the  hydraulic  problem  involved^ 
Sewage  is  water  carrying  in  suspension  less  than  1  part  in  1  000 
of  solid  matter,  and  sewers  are  supposed  to  be  so  laid  that  the 
resulting  velocity  of  flow  is  sufficient  to  keep  this  solid  matter  in  sus- 
pension. This  suspending  and  scouring  power  j^robably  depends  on 
the  velocity,  and  on  the  dei^th,  of  the  sewage  stream,  and  if  either  gets 
below  a  certain  point,  sedimentation  will  follow  and  a  deposit  take 
place.  It  is  generally  stated  that  a  velocity  of  about  2|  ft.  per  second 
is  required  ;  but  the  efiect  of  depth  is  neglected.  At  the  lower  end  of 
a  6-in.  lateral  the  depth  and  velocity  are  assumed  to  be  sufficient  to 
prevent  this  sedimentation,  but  as  the  contributing  population 
grows  less  toward  the  upper  end,  the  depth  and  velocity  decrease  and 
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the  transporting  power  of  the  stream  falls  so  low  as  to  allow  the 
solid  matter,  brought  into  the  sewer  by  the  house  drains,  to  become 
stranded.  This  deposit  increases  by  gradual  accumulation  until  the 
sewer  is  blocked,  until  the  head  from  the  backed-up  sewage  is  suffi- 
cient to  carry  away  the  obstruction,  or  until  the  discharge  of  the  flush 
tank  (and  here  is  seen  its  true  function)  takes  up  the  obstruction  and 
carries  it  to  a  point  where  the  depth  and  velocity  of  the  sewage  will 
hold  it  in  suspension.  Table  No.  1,  and  the  diagram  Fig.  1,  are  given 
to  show  the  requirements  in  grade  to  maintain  a  velocity  of  2i  ft.  per 
second  in  a  6-in.  lateral,  assiiming  a  constant  contributing  population 
of  76  persons  per  100  ft.  of  sewer,  with  a  daily  flow  of  60  galls,  per 
capita,  and  with  the  assiimption  of  one-half  flowing  ofi'  in  6  hours. 

TABLE  No.  1. 


Distance  from  dead 

Discharge  in  cu.  ft. 

Slope  in  ft.  per 

Depth  of  flow  in 

end  in  feet. 

per  sec. 

foot. 

inches. 

1750 

0.245 

0.0103 

3.00 

1500 

0.210 

0.0104 

2.76 

1250 

0.175 

0.0123 

2.25 

1  000 

0.140 

0.0140 

1.93 

750 

0.105 

0.0174 

1.50 

500 

0.070 

0.0325 

1.14 

400 

0.050 

0.02.56 

1.08 

300 

0.042 

0.0303 

0.96 

200 

0.02H 

0.0343 

0.72 

100 

0.014 

0.0400 

0.60 

The  diagram  (Fig.  1)  shows  that,  taking  n  equal  to  0.013,  and  com- 
puting velocities  by  Kutter's  formula,  a  grade  of  1%  is  required  for  a 
6-in.  pipe  half  full  for  a  velocity  of  2.5  ft.  per  second,  and  that  if  the 
amount  of  flow  constantly  decreases,  the  depth  of  flow  decreases  also, 
and  the  grade,  in  order  to  maintain  the  same  velocity,  must  be  in- 
creased according  to  the  diagram.  The  diagram  is  given  for  two 
reasons  ;  first,  to  show  that  by  the  accepted  laws  governing  the  trans- 
portation of  material  in  flowing  water,  lateral  sewers  could  be  laid,  theo- 
retically, on  such  grades  that  no  flushing  would  be  necessary,  since, 
with  grades  which  continually  increase  toward  the  uj^per  end,  the  cor- 
responding velocities  would  always  be  equal  to  that  required  to  trans- 
port matter  in  suspension  ;  second,  that  as  the  grade  of  the  sewer 
increases,  the  distance  from  the  upper  end  to  the  point  where  the  stream 
reaches  the  velocity  required  to  carry  matter  in  suspension  decreases, 
and  so  the  aid  required  from  flush-tanks  is  less.     No  value  can  be 
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placed  on  the  grades  given,  as  the  diagram  is  based  on  the  assump- 
tion of  a  house  with  five  persons  every  66  ft.,  and  this  is  not  always 
the  case,  but  it  is  believed  that  there  is  a  grade  at  or  beyond  which 
flush-tanks  are  not  reqiiired,  and  that  if  the  distance  to  which  the 
flushing  power  extends  is  a  function  of  the  amount  of  water  dis- 
charged, then  this  amount  should  be  less  on  the  steeper  grades. 

Referring  again  to  Mr.  Odell's  paper,  it  is  first  noted  that  at  Mt. 
Vernou,  with  grades  of  from  0.5%*  to  6%  no  flush-tanks  are  used,  and 
a  good  hand-flushing  twice  a  year  answers  every  purpose. 

In  the  discussion,  Mr.  Heriug  says  that  on  light  grades  flushes  of 
200  to  300  galls,  generally  lose  their  flushing  power  after  passing  a  few 
hundred  feet  through  the  pipe,  and  that  sometimes  after  500  ft.  he 
had  been  unable  to  detect  any  difference  in  the  flow  due  to  the  tank. 

Mr.  Kiersted  writes  that  in  one  system  designed  by  him  he  recom- 
mended flush-tanks  only  on  laterals  of  less  than  0.5%  grade,  and  for 
five  years  the  system  has  been  in  operation  with  but  few  stoppages. 

Mr.  Polwell  writes  that  in  his  experience  he  has  omitted  flush- 
tanks  on  grades  from  6%  to  12%",  and  on  the  6%  grades  no  stoppages 
were  discovered,  nor  were  there  any  odors. 

Mr.  Le  Conte  intimates  that  flush-tanks  as  built  do  not  answer  their 
purpose,  for  where  grades  are  light  and  the  flush  most  needed,  they 
do  the  poorest  work  ;  and  the  large  quantity  of  water  needed,  to  be 
effective,  must  be  obtained  by  some  other  means. 

Mr.  Odell  maintains  that  flushes  of  200  galls,  or  less  fail  to  flush  a 
sewer  jiroperly,  especially  on  flat  grades  where  flushing  is  most 
needed. 

A  table  by  Mr.  Allen  shows  that  on  grades  greater  than  0.5%  a 
velocity  of  more  than  2\  ft.  per  second  is  maintained  over  1  000  ft. 
from  the  flush-tank,  but  on  lesser  grades  the  velocity  drops  to  2  ft.  or 
less  within  600  ft. 

In  order  to  obtain  an  insight  into  general  engineering  feeling  in 
the  matter,  and,  at  the  same  time,  reap  the  benefit  of  any  experience 
which  was  to  be  had,  the  author  sent  out  on  January  17th,  150  reply 
postals,  reading  as  follows: 

"  Ithaca,  N.  Y.,  January  17th,  1898. 
' '  Deajr  Sir  : 

"  To  aid  me  in  deciding  as  to  the  necessity  for  flush-tanks  for  our 
sewer  system,  will  you  kindly  answer  the  following: 
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♦'  1. — Do  you  find  flush-tanks  a  necessity,  or  is  periodic  hand  flush- 
ing sufficient  to  keep  sewers  clean  ? 

"  II. — Does  the  element  of  grade  afifect  the  question,  and  within 
what  limits  of  grade  are  tanks  required  ? 

"  III. — Does  your  experience  show  any  relation  between  the  mini- 
mum amount  of  water  required  for  effective  flushing  and  the  grade  of 
the  sewer  ? 

"  Thanking  you  in  advance  for  your  kind  assistance  in  this  matter, 
"  I  am,  yours  very  truly, 

"  H.  N.  Ogden, 
"  Engineer,  Itlinca  Sewer  Commission.^' 

These  postals  were  sent  to  those  cities  of  between  10  000  and  60  000 
population,  in  the  New  England  and  Middle  Atlantic  States  especially, 
which  were  reported  in  77*6  Manual  of  American  Water  Works  for  1897 
as  having  separate  or  sanitary  sewers.  Eighty  answers  were  received, 
and  the  courtesy  and  good-will  expressed  in  all  was  unmistakable  and 
much  appreciated.  The  same  story  was  told  by  them  in  nearly  all 
cases.  "  I  would  be  pleased  to  answer  your  questions  fully,  but  this 
is  the  best  that  I  can  do  for  you,"  or  "This  is  only  my  idea,  while  I  can 
readily  understand  that  what  you  want  is  the  result  of  actual  expe- 
rience," or  "I  cannot  give  you  the  desired  information,  but  would  be 
thankful  to  you  if  you  would  let  me  know  the  result  of  your  inquiry." 
The  results  given  below  in  a  brief  summary  chiefly  show  how  uncer- 
tain and  vague  is  the  knowledge  on  the  subject,  and  how  necessary 
some  experiments  and  investigations. 

In  answer  to  question  No.  1,  whether  flush-tanks  were  necessary, 
of  the  eighty  replies  seventeen  had  no  opinion  on  the  subject,  and 
twelve  had  experience  only  with  combined  systems,  but  had,  accord- 
ing to  their  replies,  found  no  trouble  in  keeping  the  ends  of  their 
10-in.  and  12-in.  laterals  clean  with  rain  or  with  hand-flushing. 
Twenty-six  of  the  eighty  used  periodic  hand-flushing  and  found  it  to 
answer  every  purpose,  keeping  the  sewers  clean  and  free  from  ob- 
structions. Twenty-flve  either  used  flush-tanks  or  considered  them  a 
necessity  for  small  pipe  sewers.  It  was  not  possible  in  these  last  an- 
swers to  separate  actual  experience  from  personal  conjecture  on  the 
question,  so  that  this  number  may  include  many  hearsay  opinions. 

The  evidence  is  not  very  clear.  The  fact  that  twenty-six  used 
hand-flushing  satisfactorily  indicates  that  such  flushing  is  sufficient. 
That  it  must  be  properly  and  regularly  done,  however,  is  made  plain 
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by  the  fact  that,  out  of  the  twenty-five  believing  in  flush-tanks,  nine 
had  tried  periodic  hand-flushing,  found  it  uncertain  and  irregular,  and 
had  put  in  flush-tanks,  to  secure  proper  attention.  On  the  other  hand, 
of  the  twenty-six  believing  in  hand-flushing,  two  came  to  that  opinion 
after  becoming  disgusted  with  the  uncertainty  of  tanks. 

To  the  second  question,  only  twenty-three  of  the  eighty  ventured 
an  opinion.  Of  these,  eight  thought  that  the  grade  did  not  aflfect  the 
question,  but  that  flush-tanks  were  as  necessary  on  steep  as  on  flat 
grades.  One  engineer  explained  his  position  by  saying  that  while  the 
velocity  on  the  steep  grades  might  be  greater,  yet  as  the  depth  would 
be  less,  the  transporting  power  would  be  less,  and  therefore  tanks  were 
equally  necessary.  Of  the  fifteen  who  thought  that  tanks  are  not 
needed  above  a  certain  grade,  six  merely  ventured  it  as  an  opinion, 
and  nine  fixed  the  limit  at  from  0.5^  to  3  per  cent.  Four  give  1%  as 
the  limit;  one,  3%,  and  the  other  four  give  less  than  1  jser  cent. 

Only  six  replies  were  given  to  the  last  question,  whether  the 
amount  of  water  in  the  flush-tank  should  be  varied  with  the  grade  of 
the  sewer.  Of  these,  two  thought  that  no  difference  should  be  made; 
three  thought  that  less  water  could  be  used  on  the  steeper  grades,  but 
had  no  definite  opinion  as  to  the  relative  amounts;  while  one  well- 
known  engineer,  who  has  thoroughly  studied  the  workings  of  the 
sewer  system  under  his  care,  writes  that  he  finds  one  flush  daily  on  a 
2%  grade  as  effective  as  two  flushes  daily  on  a  0.5%  grade,  each  flush 
of  300  galls. 

The  general  conclusion  from  the  replies  is  that  occasional  flushing 
on  low  grades,  probably  below  1%,  is  needed  at  the  upper  ends  of 
laterals;  that  this  may  be  accomplished,  either  by  hand-flushing  or  by 
the  use  of  automatic  tanks;  that  if  tanks  are  used,  less  care  and  vigi- 
lance are  required  in  inspection  and  oversight,  but  if  they  are  used, 
the  periodic  examination  of  the  system,  which  should  not  be  omitted, 
is  apt  to  be  irregular,  and  if  a  tank  fails  to  work  or  if  an  obstruction 
occurs  below  the  effect  of  the  flush,  a  serious  nuisance  may  result; 
that  if  hand-flushing  is  used,  a  constant  and  regular  inspection 
must  be  practiced,  although  actual  flushing  may  be  required  only  once 
a  month  or  less.  The  amount  of  water  needed  in  flush-tanks  is  not 
known,  nor  the  relation  between  amount  and  grade. 

With  a  view  of  obtaining  more  information  on  this  apparently  un- 
studied subject,  the  author  carried  on  some  experiments  in  the  spring 
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of  1897.  He  was  assisted  by  Mr.  I.  W.  McConnell,  C.  E.,  who  had 
been  the  writer's  valued  assistant  on  the  construction  of  the  Ithaca 
sewer  system  for  two  summer  vacations.  The  results  of  the  experi- 
ments have  been  recorded  by  Mr.  McConnell  in  a  thesis  for  the  degree 
of  Civil  Engineer  in  Cornell  "University. 

The  sewers  on  which  the  experiments  were  made,  and  which  were 
chosen  so  as  to  afford  a  variety  of  grade,  with  as  long  lines  as  possible, 
were  all  8-in.  pipe,  and  each  had  at  the  upper  end  a  manhole  about 
4  ft.  in  diameter  at  the  bottom.  Flush-tanks  of  usual  commercial 
size  discharge  at  a  rate  of  about  1  eu.  ft.  per  second,  and,  by  repeated 
experiment,  the  opening  from  the  manhole  into  the  sewer  was  reduced 
to  such  a  size  (about  Sins.)  that  the  rate  of  discharge  varied  from 
0.89  cu.  ft.  per  second  for  4  ft.  head  in  the  manhole  to  1.1  cu.  ft. 
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per  second  for  6  ft.  head.  These  conditions  it  was  thought  approxi- 
mated closely  enough  to  the  workings  of  a  flush-tank.  A  5-in.  open- 
ing was  cut  in  a  pine  board  firmly  held  against  the  end  of  the  8-in. 
pipe;  then  a  flat  cover,  6  ins.  in  diameter  and  faced  with  rubber,  was 
provided,  which,  placed  over  the  opening  and  held  there  by  a  light 
stick  braced  against  the  back  of  the  manhole,  made  an  effective  plug. 
The  manhole  was  filled  to  any  desired  depth  by  means  of  fire-hose 
attached  to  neighboring  hydrants,  and  then,  by  means  of  a  cord 
fastened  to  the  stick  and  to  the  cover,  the  contents  of  the  manhole 
were  discharged  into  the  sewer.  The  capacity  of  the  manholes  at 
depths  varying  by  6  ins.  was  determined  by  measurement,  so  that 
by  filling  to  the  proper  depth  any  desired  amount  of  water  could  be 
discharged.      The  effect   of  the  flush   waves   was  then  noted  at  the 
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successive  manholes  down  the  line.  No  determinations  of  the  velocity 
of  the  wave  were  made,  the  efifect  being  judged  by  the  depth  of  the 
wave,  and  by  the  force  shown  in  moving  gravel,  etc.,  jilaced  in  the 
different  manholes.  The  wave  depths  were  read  by  different  observers 
stationed  in  the  manholes,  where  they  recorded  as  rapidly  as  possible 
(usually  every  seven  seconds)  the  depth  as  marked  on  a  thin  vertical 
scale  placed  in  the  sewer.  Figs.  2  to  5  show  the  wave  forms  and  the 
progressive  flattening  as  the  wave  gets  farther  and  farther  from  the 
flush-tank. 

To  test  the  transporting  power  of  the  wave  small  brickbats  and 
gravel  of  various  sizes,  coated  with  paint  so  as  to  be  recognizable, 
were  placed  in  the  inverts  at  the  manholes.  A  considerable  growth 
of  what  was  ajJiJarently  of  vegetable  origin  had  become  attached  to 
the  sides  and  bottom  of  the  pipe,  and  the  value  of  the  flush  in  remov- 
ing this  growth  was  also  noted.  The  order  of  procedure  was  to 
examine  and  note  the  condition  of  the  line,  and,  after  placing  the 
gravel,  etc.,  to  make  a  number  of  flushes,  each  of  20  cu.  ft.,  and  note 
the  results.  Then,  increasing  the  amount  discharged  to  30,  40,  50 
and  60  cu.  ft.,  the  respective  results  were  noted.  Then,  either  the 
whole  pipe  was  scraped  by  a  rubber-edged  piston-like  cleaner,  or 
merely  the  manhole  inverts  and  about  6  It.  each  way  into  the  pipe, 
and  the  flushing  rej^eated.  The  following  tables  give  the  results  on 
the  different  lines: 

TABLE  No.  2. — Gkeen  Street  Sewek. 


Effects  at 

No.  of 
flushes. 

flush. 

Manhole  No.  1. 

Manhole  No.  2. 

Manhole  No.  3. 

Manhole 
No.  4. 

25  cu.  ft... 
30       '•    ... 

40       "   ... 

60       '•   ... 

80       "   ... 
120       "   ... 

Scoured  clean. 

Scoured  clean. 

No  effect. 

( Several        stones 
(     started. 
( Small  gravel  gen- 
(     eraUy  started. 

No  effect. 

!    ■■ 

1  :; 

1 
1 

8 

2 

2 
3 

Before  commencing  the  work,  the  examination  of  the  pipe  showed  it 
to  be  practically  clean,  with  no  ground-water,  except  between  the 
third  and  fourth  manholes,  where  there  was  a  stream  perhaps  ^  in. 
deep.     There  were  no  house  connections,  but  there  was  a  small  depth 
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of  silt,  and  small  pieces  of  cement  left  from  construction,  also  a 
slight  growth  on  the  sides  and  bottom  of  the  pipe.  Gravel  of  all 
sizes  placed  in  the  pipe  at  the  flush-tank  was  carried  through  to  man- 
hole No.  1  in  two  flushes  of  25  cu.  ft.  each,  the  first  flush  alone  not 
being  sufficient.  The  gravel  scoured  out  of  the  bottom  of  No.  1  man- 
hole by  the  first  flush  was  not  brought  to  No.  2  until  the  80-cu.-ft. 
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flush  was  put  in,  and  no  gravel  scoured  out  of  No.  2  was  brought  to 
No.  3  by  any  of  the  flushes.  After  the  seventeenth  flush  as  above, 
the  pipe  was  thoroughly  scraped  and  cleaned,  and  flushes  eighteen  to 
twenty-eight  made.  Similar  results  were  obtained,  except  that  the 
flushes  carried  the  gravel  about  20U  ft.  farther  than  before  and 
seemed  effective  for  that  distance. 

TABLE  No.  3. — Cayuga  Stbeet  Sewer. 


Volume  of 
flush. 

Manhole  No.  1. 

Manhole  No.  2. 

Manhole  No.  3. 

Manhole 

No.  4. 

No.  of 
flushes. 

30  cu.  ft... 

40        "    ... 

60        "    ... 
80       "    ... 

Scoured  clean. 

No  effect. 
1  Disturbed  but     ) 
1     not  cleaned.     ) 

Partly  scoured. 

Cleaned. 

No  effect. 

( Some  veget.ible ) 
j    growth  passed  > 
(    through.            ) 

No  effect. 

3 

7 

2 
3 

In  Cayuga  Street  there  were  a  few  connections  and  little  flow,  so 
that  the  condition  of  the  pipe  was  very  foul;  there  was  also  a  heavy 
vegetable  growth  in  the  pijies. 
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On  Linn  Street  no  comparative  records  could  be  made.  The  pipe 
was  clean  from  the  flush-tank  to  Manhole  No.  1,  and  in  this  length 
there  were  no  connections.  From  No.  1  to  No.  2  it  was  slightly  foul, 
and  very  foul  the  remainder  of  the  length.  There  were  two  house 
connections  on  the  line.     Five  flushes  of  20  to  60  cu.  ft.  were  made. 
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Each  was  very  effective,  one  apparently  as  much  so  as  another.  All 
obstructions  introduced  were  removed  at  once  from  manholes  Nos.  1 
and  2.  A  steady  flow  1  in.  deep  from  the  hose  carried  everything 
forward  at  once  to  a  point  beyond  No.  2  and  to  the  flatter  grade. 


TABLE  No.  4. — Aukoka  Street  Sewee. 


Volume 

of 
flush. 

Manhole 
No.  1. 

Manhole 
No.  2. 

Manhole 
No.  3. 

Manhole 

No.  4. 

No.  of 
Flushes. 

40cu.  ft.... 
60       '•.... 
80       "    .... 

Cleaned. 

Cleaned. 

No  effect. 
Disturbed. 

No  effect. 

(  Water   dirty  ;    some  | 
<     vegetable    growth  >- 

(     came  through \ 

A  few  stones  disturbed  . 

3 

7 
2 

TABLE  No. 

5.— First  S 

freet  Sewer. 

Volume 

of 
flush. 

Manhole 
No.  1. 

Manhole 
No.  2. 

Manhole 
No.  3. 

Manhole 
No.  4. 

No.  of 

Flushes. 

40  cu.  ft 

60      "    .... 
80       "    .... 

Cleaned. 

No  effect. 

No  effect. 

No  effect. 

5 
3 
2 
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On  the  Aurora  Street  line,  the  pipe  was  very  foul,  chiefly  from  a 
hosjDital  connection  at  the  upper  end.  The  vegetable  growth  was 
large,  and  the  accumulations  of  organic  matter  very  evident. 

On  Buffalo  Street,  where  the  grade  is  about  12%",  the  effect  of  the 
flush  was  amazing,     "Where  any  sewage  at  all  flows  in  the  pipe,  it  is 
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sufficient  to  remove  all  obstructions.  A  flush  of  any  volume  rushes 
down  the  hill  at  a  high  velocity,  with  piston-like  action,  and  sweeps 
everything  before  it. 

Table  No.  6  gives  the  distances  and  grades  between  manholes  on 
the  lines  used  in  the  experiments. 

TABLE  No.  6. — Distances  and  Slopes  Between  Manholes. 


Gbeen  St. 

Cayuga  St. 

Aurora  St. 

First  St. 

LixN  St  . 

Description. 

4)     . 

0  ® 

s  ® 
5 
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a  t 
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a5 

-a  0 
u  o 

"1 
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0)    . 
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ft 
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gg 

ft 
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05 

5 
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11 

og 

ft 

Dead    end    to    Manhole 
No.  1 

298 
231 
290 
305 
296 

1.31 

0.52 
0.52 
0.52 
0.75 

320 
316 
259 

0.89 
0.50 
0.60 

177 
390 
413 
419 
417 

3.14 

1.28 
1.02 
0.40 
0.80 

371 
341 
394 
393 

1.00 
0.50 
0.57 
1.00 

331 

278 
317 

2.94 

Manhole  No.  1  to  Manhole 
No.  2 

2.70 

Manhole  No.  2  to  Manhole 
No.  3 

0.50 

Manhole  No.  3  to  Manhole 
No.  4 

Manhole  No.  4  to  Manhole 
No.  5 

The  manager  of  the  Van  Vranken  Flush-Tank  Company  gives  his 
practice  in  proportioning  the  sizes  of  flush-tanks  for  any  particular 
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sewer,  as  follows:  The  capacity  of  the  reservoir  should  be  equal  to 
one-half  that  of  a  length  of  sewer  in  which  the  grade  produces  a  rise 
equal  to  the  diameter  of  the  pipe;  so  that  the  Green  Street  line,  8  ins. 
diameter,  and  0.5%"  grade,  should  have  a  discharge  of  half  the  volume 
of  the  pipe,  f  x  lUO  in  length,  or  23  cu.  ft. ;  and  for  a  1%  grade  one- 
half  of  that,  or  11.5  cu.  ft.  He  says  further,  and  the  statement  has 
been  confirmed  by  the  author's  work,  that  an  8-in.  pipe  on  a  0A%  grade 
will  flow  about  one-third  full  at  a  distance  of  300  to  400  ft.  from  the  tank 
discharging  the  above  amount;  and  that  on  a  5%  grade  the  water  will 
come  down  as  a  solid  piston  for  any  discharge  greater  than  14  cu.  ft. 

The  manager  of  the  Pacific  Flush-Tank  Company  writes  that  as  a 
rule  he  does  not  interfere  with  engineers  in  their  design  for  tanks, 
but,  in  his  opinion,  a  flush  of  175  galls,  on  a  1%  grade  is  suflicient,  and 
on  any  flatter  grade  twice  that  amount  of  water  should  be  used,  or,  in 
other  words,  as  he  says,  "long  lines  or  flat  grades  require  greater 
capacity  of  tanks  than  steep  grades  or  short  lines." 

Conclusions. — The  following  conclusions  are  based  upon  data  on  this 
subject  published  previously;  ujjon  the  exjierience  of  engineers  in 
different  parts  of  the  country;  uj^on  the  flushing  diagrams  published 
recently  by  J.  W.  Adams,  and  upon  observation  and  the  si^ecial 
experiments  made  in  Ithaca;  and  it  is  believed  that  they  are  justifiable 
and  are  a  safe  guide  as  to  the  use  of  flush-tanks. 

(1)  Flushing  of  some  sort  is  required  at  the  upper  ends  of  laterals, 
the  frequency  and  amount  depending  on  the  number  of  house  connec- 
tions, on  the  carefulness  or  prodigality  in  the  use  of  water  by  the 
householder,  on  the  grade  and  size  of  the  sewer,  on  the  character  of 
its  construction,  and  on  a  mysterious  something  which  defies  defini- 
tion, but  which  prodixces  frequent  accumulations  in  one  line  and  does 
not  afi'ect  another,  apjjarently  like  the  first. 

(2)  This  variety  in  the  conditions  prevents  any  exact  statement  of 
a  relation  between  the  quantity  of  water  which  should  be  discharged 
from  a  flush-tank  and  the  grade  of  a  sewer,  but  it  plainly  indicates 
that  the  advantage  of  automatic  flush-tanks  lies  in  a  general  guarantee 
or  insurance  against  accumulations  in  the  upper  part  of  the  laterals, 
while  periodic  hand-flushing  must  be  depended  on  only  when  in  charge 
of  a  responsible,  indefatigable  and  intelligent  caretaker. 

(3)  Judging  by  the  experience  at  Ithaca,  and  despite  the  statements 
of  other  engineers,  it  seems  to  the  author  that  on  grades  of  less  than  1% 
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automatic  flush-tanks  are  an  economic  necessity,  even  where  water 
has  to  be  paid  for,  the  added  expense  of  frequent  hand-flushing  more 
than  oflP-setting  the  possible  discharge  of  flush-tanks  when  not  abso- 
lutely necessary. 

(4)  The  vohime  of  water  discharged  should  not  be  less  than  40  cu. 
ft. ,  and  the  effect  of  the  flush  can  hardly  be  expected  to  reach  more 
than  600  or  800  ft.  Below  this  j^oint  accumulations  may  occur  which 
must  be  removed  by  hand-flushing  and  carried  on  to  a  point  where  the 
seAvage  flow  has  the  necessary  transi^orting  power. 

(5)  On  flat  lines  and  where  obstructions  occur  below  the  influence 
of  the  flush-tank,  a  second  flush-tank,  placed  about  8  0  ft.  from  the 
first,  will  be  more  eflfective  than  increasing  the  first  tank  to  a  capacity 
of  three  times  its  original  discharge. 

(6)  The  frequency  of  discharge  should  depend  on  the  local  condi- 
tions, but  it  is  jjrobable  that  the  maximum  interval  depends  on  the 
practical  working  of  the  siphon,  so  that  the  usual  prescription  of  once 
in  twenty-four  hours  is  a  safe  rule. 

(7)  If  tanks  are  used  on  grades  greater  than  1%,  15  to  20  c\\.  ft.  give 
as  good  results  as  larger  amounts,  with  the  same  rule  as  to  frequency 
of  discharge. 

(8)  However,  economy  is  best  served,  on  grades  above  1%,  by  omit- 
ting flush-tanks,  and  resorting  to  jieriodic  hand-flushing  at  such 
intervals  as  experience  shows  to  be  necessary  on  the  diff'erent  lines.. 
In  most  cases  semi-annual  or  quai*terly  flushings,  with  a  hose,  are 
sufficient. 

(9)  On  grades  greater  than  3%  flush-tanks  are  unnecessary,  and 
their  installation  is  a  waste  of  money. 

(10)  Hand-flushing  should  be  performed  and  tanks  discharged  at 
night,  as  a  flow  of  even  an  inch  in  a  sewer  ofi"ers  a  large  resistance  to 
the  flushing  action;  while,  with  a  pipe  flowing  half  full,  the  effect  of  a 
flush-tank  is  scarcely  visible. 
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EuDOLPH  Heking,  M.   Am.   Soc.   C.  E. — Words  of  encouragement  Mr.  Hering. 
should  be  given  to  every  one  wlio  finds  and  utilizes  an  opportunity  to 
undertake  experiments  on  this  subject,  as  there  is  but  little  useful 
information  concerning  it  in  existence. 

The  experiments  described  in  the  paper  are  valuable,  so  far  as 
they  go,  and  furnish  data  from  which  a  better  judgment,  than  was 
possible  before,  can  be  obtained  on  a  number  of  points.  The  author  con- 
fines his  recorded  experiments  to  8-in.  pipes,  and  to  the  same  quantity 
of  flushing  water  in  each  case,  varying  only  the  gradients  of  the  pipes. 
The  answers  received  in  response  to  the  postal  card  inquiry  indi- 
cate first,  that  "  occasional  flushing  on  low  grades,  probably  below 
1%,  is  needed  at  the  upper  ends  of  lateral  sewers,"  and,  secondly, 
that  automatic  flushing  requires  less  labor  and  less  vigilance  than 
hand-flushing,  though,  without  proper  inspection,  the  former  allows, 
as  he  says,  "a  serious  nuisance  to  result."  The  speaker  thinks  that 
the  automatic  flush-tank  should  not  in  any  measure  be  made  responsi- 
ble for  "the  serious  nuisance,"  but  that  the  responsibility,  in  such 
cases,  is  entirely  due  to  the  failure  of  sufiicient  or  efiicient  inspection, 
a  sine  qua  non  for  every  sewerage  system  that  is  to  be  kept  in  order, 
whether  automatic  flush-tanks  are  used  or  not. 

The  author  did  not  make  his  experiments  with  aiitomatic  tanks, 
but  by  filling  a  manhole  with  an  amount  of  water  and  drawing  a  plug, 
by  which  the  water  escaped  into  the  8-in.  sewer,  through  an  opening 
5  ins.  in  diameter  cut  in  a  pine  board.  This  circumstance  should  be 
emphasized  a  little,  so  that  the  results  may  not  be  quoted  as  applying 
to  automatic  tanks.  In  the  latter  the  rates  of  discharge  and  the  veloc- 
ity of  the  water  issuing  from  the  tank  will  difi'er,  although  not  mate- 
rially, from  those  of  the  former  case. 

It  is  also  advisable,  in  such  experiments,  to  have  the  velocity  of  the 
water  measured  at  different  parts  of  the  wave,  instead  of  calculated 
from  the  gradient  or  judged  by  the  force  of  moving  gravel,  etc.  It  is 
to  be  hoped  that  such  velocity  measurements  may  be  made  at  an  early 
day,  as  a  formula  gives  but  a  roiigh  approximation  to  the  velocity. 
In  the  same  pipe  with  the  same  section  and  slope  of  the  water,  the 
velocity  will  be  different  when  the  water  is  rising  from  that  which  ob- 
tains when  the  water  is  falling.  The  usual  slope  formulas  take  no  ac- 
count of  this  fact.  It  has  been  reported  that  the  stream  flows  quicker 
just  after  the  crest  of  the  wave  has  passed  a  manhole  than  before  it 
arrives  at  this  place.  Further,  the  loss  of  head  in  the  cleaning  process, 
by  loosening  and  carrying  along  deposit  and  sticky  material  would 
also  be  properly  accounted  for  by  actual  velocity  measurements,  if 
such  were  made. 
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Mr.  Hering.  The  European  experience  with  flushing  sewers  dates  back  almost 
fifty  years.  In  the  speaker's  report  on  this  subject  in  1880,*  the  re- 
sults of  such  experience  are  given.  There  has  been  almost  no  progress 
made  since  then  m  the  methods  used,  but,  fortunately,  flushing  has 
become  more  common.  It  was  almost  nowhere  practiced  in  America 
before  1880. 

The  principle  that  "long  lines  of  flat  grades  require  greater  quan- 
tities than  short  lines  of  steep  grades  "  was  then  well  recognized  in 
Europe.  Small  tanks  were  used  only  at  the  heads  of  short  or  steep 
sewers,  where  flushing  requires  but  a  small  quantity  of  water.  For 
flushing  large  sewers  on  flat  slopes,  the  sewage  itself  was  stored  for 
this  purpose  in  large  quantities,  or  ground-water  was  collected  in 
large  cisterns,  because  in  these  cases  a  large  quantity  of  flushing 
water  is  required.  It  had  also  been  stated  in  Europe  that  daily  flush- 
ing with  automatic  tanks  was  not  everywhere  considered  necessary. 
It  was  the  j^ractice  then,  as  it  is  now,  to  flush  the  smaller  sewers  by 
hand  at  intervals  varying  from  twice  a  week  to  twice  a  month. 

The  assertion  made  by  the  author  that  automatic  flush-tanks  cause 
an  additional  expense  of  more  than  8%  of  the  cost  of  the  system  is 
hardly  fair.  He  estimates  ^50  as  the  cost  of  such  a  tank,  but  appar- 
ently overlooks  the  necessity  for  having  a  manhole  at  the  head  of  the 
sewer  in  any  event,  and  he  should  charge  the  flush-tank  only  with  the 
necessary  appliances  for  flushing,  or  $15  to  .^20  instead  of  $50. 

He  also  charges  the  flnsh-tanks  with  the  annual  expense  for 
water  and  more  intelligent  maintenance.  No  doubt  20  cents  per 
thousand  gallons  may  be  chargeable  in  some  cities,  and  where  private 
companies  have  a  franchise  granted  on  liberal  terms;  but  the  average 
cost  of  water  in  American  cities  is  by  no  means  so  great.  Its  average 
value  is  much  less,  and  in  many  cases  is  less  than  half  of  that  flgure. 

The  author's  deduction  that  the  cost  chargeable  to  flushing  sewers 
amounts  to  about  one-half  of  the  construction  account  is,  therefore, 
wide  from  the  true  mark,  if  it  were  generally  applied.  In  the  case  of 
Ithaca,  this  conclusion  should  be  modified,  not  only  with  reference  to 
the  cost  of  the  tanks,  but  also  with  reference  to  the  annual  charge  of 
$600,  to  examine  and  adjust  131  tanks.  This  cost  is  quite  excessive 
when  the  best  tanks  are  used. 

In  his  Oldening  paragraphs  the  author  makes  a  rather  sweeping  as- 
sertion regarding  the  present  extensive  use  of  automatic  flush-tanks 
for  small  pipe  sewers.  In  some  cities,  particularly  in  those  having 
adopted  systems  on  the  recommendation  of  Colonel  George  E.  War- 
ing, Jr.,  a  very  extensive  use  has  been  made  of  such  tanks;  but  in  most 
others  their  use  has  been  limited  to  cases  where  they  were  more  eco. 
nomical  than  hand-flushing,  which  fact  needs  determining  in  each 
case. 

*  Transactions,  Vol.  x,p.  361. 
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Fig.  6. 
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Mr.  Hering.  The  author  intimates  that  the  suspending  and  scouring  power  of 
water  depends  on  the  velocity  and  also  on  the  depth  of  the  stream. 
The  depth,  of  itself,  irrespective  of  the  velocity,  has  nothing  to  do  with 
this  jjower.  Suspension  in  running  water,  and,  even  more  so,  the 
scouring  power,  are  almost  wholly  functions  of  the  velocity.  In  two 
streams  having  different  dej^ths,  but  equal  velocities,  the  suspending 
and  scouring  power  of  the  water  will  also  be  about  the  same.  In  two 
streams  of  water  having  equal  depths,  but  diiferent  velocities,  the  sus- 
pending and  scouring  power  will  again  depend  practically  on  the 
velocity  alone. 

The  material  which  is  taken  out  of  a  sewer,  when  it  is  flushed 
quarterly  or  semi-annually,  is  sometimes  a  growth,  a  mycelium — 
the  fungus  growth  in  the  sewer.  It  is,  perhaps,  not  offensive,  but  it 
obstructs  the  flow  and  makes  necessary  the  flushing  of  the  sewer  to 
obtain  the  full  capacity  again.  At  Colorado  Springs,  Colo.,  this 
fungus  grows  at  such  a  rate  that  if  the  sewers  were  not  cleaned  out 
often,  they  would  be  completely  closed  up.  The  speaker  was  present 
when  flushing  was  going  on,  and  was  astonished  to  see  the  large  mass 
of  fungus,  amounting  to  several  cubic  yards,  which  came  out  of  the 
sewer  within  a  few  minutes. 

Referring  to  the  conclusions  at  the  end  of  the  paper,  the  speaker 
is  at  a  loss  to  understand  the  "mysterious  something  which 
defies  definition,"  but  which  is  said  to  produce  frequent  accumula- 
tions in  one  line  of  sewers  and  not  in  another.  Such  a  mystery  has 
never  seemed  to  arise  in  the  speaker's  experience,  and  if  the  cases  are 
sufficiently  analyzed,  he  doubts  the  existence  thereof.  If,  on  one 
hand,  the  nature  of  the  sewage  discharged  is  observed,  and,  on  the 
other  hand,  if  the  actual  velocity  measurements  are  made,  as  sug- 
gested above,  any  mystery  would  probably  disappear. 

Another  conclusion  states  that  "a  flow  of  even  an  inch  in  a  sewer 
offers  a  large  resistance  to  the  flushing  action."  This  statement  in  its 
implication  can  certainly  not  be  correct.  Sewage  is  but  dirty  water, 
and  whether  the  first  inch  of  flow  is  sewage  or  clean  water  should 
make  no  jiractical  difference  in  the  velocity  of  the  flushing  water. 
Certainly  the  flow  of  sewage  would  not  offer  a  large  resistance  when 
the  flow  of  clean  water  offers  but  a  slight  resistance.  The  deposits  to 
be  overcome  are,  of  course,  supposed  to  be  the  same  in  both  cases. 
Therefore,  the  speaker  cannot  agree  with  the  author's  proposition  that 
flushing  should  be  done  at  night.  On  the  contrary,  to  give  the  best 
eflect,  it  should  be  done  when  the  flow  of  sewage  is  greatest,  that  is, 
in  the  forenoon.  The  flushing  water,  when  added  to  the  sewage,  will 
increase  its  flow,  and,  therefore,  also  its  velocity,  its  scouring  and  its 
cleansing  effect,  to  the  greatest  extent. 

The  author's  diagrams,  representing  the  results  of  some  of  his  ex- 
periments, are  very  interesting  and  valuable.     They  are  plotted  so  that 
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Mr.  Hering.  tlie  axis  of  abscissas  is  the  time  scale,  and  the  ordinates  represent  the 
depth  of  the  water. 

Last  year  some  diagrams  were  published,*  which  likewise  show 
the  effects  of  sewer  flushing.  These  are  plotted  so  that  the  abscissas 
represent  the  distance  traveled  by  the  flush  wave,  and  the  ordinates 
the  velocity  of  the  water.  To  enable  one  to  further  appreciate  these 
results,  another  plotting  is  possible,  partly  combining  these  two 
methods  and  letting  the  abscissas  rei3resent  the  distance  or  length 
of  flush  and  the  ordinates  the  depth  of  the  water.  The  advantage  of 
this  fdotting  is  the  possession  of  a  true  profile  of  the  sewer  and  of  the 
flush  wave,  in  which  one  can  see  its  length  and  dej^th  at  a  glance,  while 
the  velocities  are  written  down  in  figures  above.  The  Ithaca  data  are 
thus  i^lotted  in  Fig.  6,  and  the  Adams'  data  in  Figs.  7,  8  and  9. 
James  H.  Fuertes,  M.  Am.  Soc.  C.  E.,  has  kindly  assisted  the  speaker 
in  replotting  the  above-mentioned  diagrams  in  this  manner. 

The  Ithaca  data  (Fig.  6),  thus  re-plotted,  show  how  the  velocity 
gradually  decreases  with  the  distance,  and  show  the  distances  and 
depths  of  flow  up  to  which  the  necessary  cleansing  velocity  is  main- 
tained. They  also  show  by  figures  how  long  such  velocities  continue. 
As  stated  above,  these  velocities  were  not  measured,  but  merely  com- 
puted. They  would,  therefore,  be  somewhat  different  in  practice,  but 
how  much  is  not  yet  known.  As  an  example,  when  the  flush  wave  is 
highest,  a  velocity  of  more  than  2  ft.  per  second  is  maintained  for  only 
one  minute,  and  it  extends  less  than  500  ft. ;  when  the  water  flows  at  f 
this  height,  the  velocity  has  continued  for  over  five  minutes,  and  for 
this  length  of  time  it  extends  only  about  400  ft. ;  and  when  the  water 
flows  at  ^  its  greatest  height,  a  velocity  of  over  2  ft.  per  second  has 
continued  for  about  7  minutes,  but  for  this  length  of  time  has  extended 
only  about  300  ft. 

This  diagram  clearly  shows  the  well-known  fact,  that  the  greatest 
benefit  from  flushing  is  obtained  by  maintaining  the  cleansing  velocity 
as  long  in  time  and  as  far  in  distance  as  possible.  It  is,  therefore,  de- 
sii'able  to  determine  for  each  case  approximately  the  quantity  of  water 
needed  to  obtain  a  required  and  definite  result  in  a  sewer  of  a  given 
size  or  slope,  and  the  author's  work  materially  facilitates  this  deter- 
mination for  the  cases  which  he  has  covered. 
Mr.  Fuertes.  James  H.  FtJERTES,  M.  Am.  Soc.  C.  E. — The  author  has  rendered 
the  profession  a  valuable  service  in  recording  the  results  of  his  experi- 
mental flushing  of  sewers,  but  the  speaker  regrets  that  more  data, 
covering  a  wider  i-ange  of  conditions,  were  not  incorporated  in  the 
paper,  and  would  respectfully  suggest  that  the  records  would  have 
been  more  complete  had  he  given  the  elevations  of  the  surface  of  the 
water  in  the  flush-tanks  as  well  as  in  the  manholes.  The  pages  of  the 
Transactions  of  this  Society  are  the  proper  repositories  for  as  many 
*  By  Messrs.  Adams  &  Co.,  Engineers,  of  London,  England. 
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Mr.  Fuertes.  sucli  records  as  can  be  obtained,  and  it  is  to  be  hoped  that  in 
closing  this  discussion  the  aiathor  will  oifer  as  much  matter  as  is 
practicable. 

The  data  presented  by  the  author  permit  the  drawing  of  some  in- 
teresting inferences  concerning  the  changes,  as  to  form  of  wave  and 
velocity  of  flow,  taking  place  in  a  quantity  of  water  discharged  sud- 
denly, under  a  head,  into  a  sewer;  and  permit  the  correction,  by 
grajDhical  demonstration,  of  some  popular  and  fallacious  notions  con- 
cerning the  action  of  a  flushing  wave  in  a  sewer.  The  idea  is 
commonly  expressed,  even  to-day,  that,  to  be  efifective  as  a  flush,  the 
water  must  shoot  through  the  sewer  in  a  solid  body  like  a  piston. 
That  this  is  not  true  will  be  demonstrated  presently. 

In  conclusion  10  the  author  makes  the  following  unqualified  state- 
ment: "  while  with  a  pipe  flowing  half  full,  the  effect  of  a  fltish-tank 
is  scarcely  visible."  By  this  very  broad  assertion  he  creates  the 
impression  that  no  matter  how  large  the  flush-tank,  or  under  how  great 
a  head  it  is  discharged,  the  pipe  would  not  run  over  half  full.  Surely 
this  is  not  the  meaning  intended  to  be  conveyed. 

The  speaker's  hopes  were  raised  to  a  high  pitch,  in  reading  this 
pajDer,  when  the  author  projiosed  the  consideration  of  the  hydraulic 
problems  involved  in  flushing;  but  a  careful  perusal  of  the  pages 
which  followed  failed  to  reveal  the  promised  consideration  of  the 
subject. 

Sewers  are  flushed  with  water  to  clean  and  wash  them  out,  and  to 
prevent  their  becoming  foul.  When  deposits  have  taken  place  in 
sewers,  due  to  insufficient  grades,  poor  workmanship  or  other  causes, 
two  operations  are  necessary  in  order  to  remove  these  deposits.  These 
are,  first,  to  loosen  and  dislodge  the  deposits;  second,  to  carry  away, 
in  susi^ension  in  the  water,  the  matter  thus  dislodged.  The  question 
is:  Do  the  most  effective  velocities  for  these  two  operations  exist  at 
the  same  moment  at  any  given  point,  or,  if  not,  when  does  each  reach 
its  maximum  value  ? 

The  scouring  power  of  the  wave  will  be  greatest  when  the  velocity 
at  the  bottom  of  the  pipe  is  at  the  maximum.  The  transporting 
jaower  of  the  wave,  on  a  given  grade,  will  be  greatest  at  a  certain 
point  when  the  mean  velocity  at  that  point  is  greatest.  The  conditions 
for  maximum  scouring  power  and  maximum  transporting  power  are, 
therefore,  not  coexistent,  because  the  maximum  scouring  jiower  is  at 
the  toe  of  the  wave  as  it  descends  the  sewer,  while  the  maximum 
transporting  j)ower  occurs  at  a  later  time.  On  the  diagram,  Fig.  10, 
is  shown  the  form  of  the  flushing  wave  discharged  into  the  Green  Street 
sewer,  drawn  from  the  author's  data.  A  profile  of  the  wave  is  shown 
at  the  end  of  the  1st,  2d,  3d,  4th,  6th,  8th  and  10th  minutes.  In  this 
diagram  the  shapes  of  the  waves  are  not  claimed  to  be  exact  as  to  pro- 
file at  all  points.    They  are  accurate  at  the  points  where  they  cross  the 
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Mr.  Fuertes.  manholes,  and  the  positions  of  the  toes  of  the  waves  were  interpolated; 
the  remaining  jjortions  of  the  curves  are  sketched  in.  The  velocities 
corresponding  to  the  greatest  depths  of  flow  were  calculated  by  the 
Kutter  formula  {>i  =  0.013).  The  velocities  marked  for  the  toe  of  the 
wave  are  the  components,  along  the  bottom  of  the  sewer,  of  the  veloci- 
ties of  the  surface  of  the  water  at  the  given  jDoints  when  the  wave 
reaches  those  points. 

At  the  first  manhole  the  sewer  Avas  nearly  full,  and  jDrobably  had 
been  running  under  a  head  up  to  within  about  60  ft.  of  the  manhole. 
After  passing  this  point  the  foot  of  the  descending  body  of  water, 
under  a  free  flow  by  gravity,  rushed  forward  rapidly,  the  point  being 
135  ft.,  265. ft.,  391  ft.,  513  ft.,  630  ft.,  743  ft.,  852  ft.,  and  957  ft.,  dis- 
tant from  the  manhole  in  1,  2,  3,  4,  5,  6,  7  and  8  minutes,  respectively. 
Traversing  these  distances  in  the  times  given  corresponds  to  an  aver- 
age velocity  between  the  respective  i^oints  of  2.25  ft.,  2.18  ft.,  2.10  ft.^ 
2.03  ft.,  1.95  ft.,  1.89  ft.,  1.81  ft.  and  1.75  ft.  per  second.  These  are 
the  bottom  velocities  at  the  point  of  the  wave,  and  are  the  actual  max- 
imum velocities  at  the  respective  points.  When  the  greatest  depth 
of  flow  has  been  reached,  the  slope  of  the  water  surface  will  be 
about  the  same  as  the  slope  of  the  sewer,  and  the  mean  velocity  less 
(consequently,  the  bottom  velocity  will  be  much  less)  than  at  the 
point  of  the  wave.  Therefore,  after  the  natural  flow  ensues,  the  max- 
imum scouring  power  occurs  at  the  point  of  the  wave,  and  the  max- 
imum transporting  power  at  the  moment  of  greatest  mean  velocity 
at  any  section.  This  scouring  power  expends  itself  |in  friction  and 
work,  and  very  little  head  is  left  for  velocity,  consequently  it  has 
small  transporting  ability. 

At  any  point  the  true  flushing  velocity,  with  a  given  volume  of  flush- 
ing water,  is,  therefore,  that  due  to  the  grade  of  the  sewer  at  the  time 
when  the  depth  of  flow  gives  the  greatest  mean  velocity.  With  deposits 
loosened  up  so  that  they  may  be  entrained  in  the  current,  the  best  flush, 
in  a  sewer  with  a  circular  cross-section,  would  be  that  which  would 
cause  the  greatest  length  of  sewer  to  flow  about  eight-tenths  full  for 
a  considerable  length  of  time.  These  remarks  apply,  of  course,  to 
the  sewer  below  the  point  where  it  runs  full  under  a  head.  Under 
ordinary  conditions,  8-in.  sewers  of  moderate  slopes  will  not  generally 
run  under  a  head  from  a  flush-tank  for  more  than  100  ft.,  and  even  in 
extreme  cases  not  much  over  this  limit.  Of  course,  with  flush-tanks 
which  will  discharge  at  a  greater  rate  than  the  capacity  of  the  sewer, 
on  steep  grades,  the  sewer  may  run  with  full  section  for  a  consider- 
able distance;  however,  this  condition  is  not  frequently  met  in  practice. 
Therefore,  the  natural  flow  in  the  sewer  must  be  relied  on  to  do 
the  cleansing.  In  this  discussion  the  term  natural  flow  is  used  to 
indicate  the  flow  due  to  the  slope  of  the  sewer  only,  not  to  any  ex- 
traneous head  from  the  flush-tank.     A  steady  flow  of  water  of  consid- 
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erable  depth  for  a  coasiderable  time,  repeated  at  certain  intervals,  Mr.  Fuertes. 

woiild,  under  most  conditions,  therefore,  be  of  greater  benefit  than  the 

frequent  discharge  of  small  flushes  at  the  upper  end.     When  a  small 

flush  is  discharged  from  a  tank  the  maximum  depth  of  flow  at  difi'erent 

points  will  diminish  as  the  wave  descends  the  pipe,  and,  consequently, 

the  farther  away  from  the  tank  the  less  the  transporting  power  of  the 

wave.     Particles  that  were  picked  up  or  rolled  along  by  the  current 

at  certain  points  would  be  deposited  again  at  points  further  down, 

and  the  power  of  the  flush  from  a  tank  to  remove  these  deposits  will 

cease  beyond  a  certain  distance. 

The  matter  which  is  most  difficult  to  dislodge  from  the  bottom  of 
sewers  is  the  deposit  of  street  dirt  and  silt  which  becomes  coated  with 
grease  and  slime.     The  discharge  from  a  flush-tank  is  of  great  value 

f  PROFILE  OF  PART  OF  GREEN  ST.  SEWER,   ITHACA,  N.Y., 

i  SHOWING  FORM  AND  POSITION  OF  FLUSHING   WAVE   AT   STATED  TIMES. 
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Fig.  10. 

in  loosening  this  up  so  that  it  may  be  carried  along  in  the  deeper 
water  which  follows  the  toe  of  the  wave. 

This  grai^hical  illustration  of  the  form  of  the  flushing  wave  dispels 
the  illusion  that  to  be  effective  the  flush  must  go  down  like  a  piston. 
That  the  best  results  follow  the  use  of  a  deep  flow  of  water  for  a  con- 
siderable length  of  time,  has  long  been  understood  and  recognized  in 
England  and  Germany.  Numerous  cities  could  be  quoted  where  the 
provisions  for  flushing  have  been  designed  on  this  basis.  At  Munich 
and  Frankfort,  for  instance,  very  large  underground  reservoirs  are 
built  at  the  heads  of  several  sewers,  and  provisions  are  made  for 
diverting  the  water  into  different  branches  and  creating  a  deep  flow  for 
a  considerable  time.  In  this  system  of  operation  the  idea  of  a  plug  of 
water  does  not  enter  in  any  way  ;  the  whole  cleansing  effect  being  de- 
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Mr.  Fuertes.  pendent  upon  the  flow  of  water  of  considerable  depth.  It  is  not 
always  possible,  however,  to  obtain  topographical  conditions  favor- 
able to  this  method  of  flushing,  and  then  it  is  necessary  to  resort  to 
the  expedient  of  intermittent  and  frequent  flushings  with  compara- 
tively small  quantities  of  water.  This  may  be  done  either  by  auto- 
matic flush-tanks,  a  hose  or  by  a  water  cart.  The  method  to  be 
adopted  will  be  the  outgrowth  of  local  conditions. 

The  speaker  is  inclined,  in  most  cases,  to  favor  the  use  of  automa- 
tic flush-tanks  for  all  dead  ends  of  pipe  sewers  on  all  grades.  The 
necessity  for  flushing  exists  on  steep  as  well  as  on  flat  grades,  for  the 
purpose,  not  only  of  removing  actual  obstructions,  but  for  preventing 
the  growths  of  fungi  in  the  pipes,  for  preventing  the  formation  of 
obstructions  and  for  aiding  in  the  ventilation  of  the  sewer.  The 
reasons  that  he  favors  the  use  of  tanks  are  :  the  potential  guarantee 
against  trouble,  as  stated  above,  and  the  cheapness  of  the  method,  as 
compared  with  other  systems  that  are  equally  safe. 

The  author  makes  out  a  bad  case  against  automatic  flush-tanks, 
and  intimates  that  those  on  the  Ithaca  sewers  represent  an  expendi- 
ture equal  to  about  one-half  the  cost  of  the  system  of  sewers. 
In  the  first  place  it  is  stated  that  the  cost  of  the  flush-tanks  should  be 
estimated  at  $50  each.  This  is  between  two  and  three  times  the 
amount  they  would  actually  cost ;  as  the  manhole  at  the  end  of  the 
sewer  would  be  a  necessity  in  any  event,  and  as  the  amount  charge- 
able to  the  flush-tank  should  be  the  cost  of  the  apparatus  and  the  cost 
of  the  labor  for  j^lacing  it  in  position. 

He  estimates  the  cost  of  the*tanks  at  about  S%  of  the  cost  of  the 
system,  and  adds  that  their  use  increases  the  cost  of  the  separate 
system  by  nearly  one-tenth.  This  argument  against  the  use  of  tanks 
could  be  applied  with  equal  force  against  the  use  of  manholes,  which 
are  provided  larincipally  in  order  to  locate  obstructions  should  they 
occur,  and  the  cost  of  which  constitutes  about  one-fifth  of  the  total 
cost  of  an  ordinary  system  of  pipe  sewers.  He  estimates  the  total 
cost  of  water  at  $3.93  per  day,  or  about  SI  434  per  year  for  flush- 
ing the  Ithaca  sewers.  This  amounts  to  about  $0.15  per  mile  per 
day.  If  these  sewers  were  to  be  flushed  entirely  with  accumulated 
sewage  by  means  of  hand  gates,  without  the  use  of  city  water,  one 
man  would  have  to  keep  clean  about  10  miles  of  sewer  per  day  in 
order  to  have  the  cost  of  flushing  as  little  as  the  cost  of  the  water 
(at  Ithaca  prices)  to  be  used  in  the  flush-tanks.  The  cost  of  the 
necessary  hand  gates,  special  constructions  and  ajiparatus  would  not 
be  much  less  than  the  cost  of  the  siphons  for  the  automatic  tanks ; 
the  repairs  would  not  be  much  less,  and  the  cleansing  received  by 
this  method  of  flushing  would  not  be  as  satisfactory  in  pipe  sewers 
as  would  result  from  the  use  of  flush-tanks  discharging  clean  water 
into  them. 
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The  author  capitalizes  the  annual  expenses  chargeable  to  flush-  Mr.  Puertes. 
tanks  at  about  .^40  000  and  compares  this  with  the  actual  cost  of  pipe 
laid.  The  comparison  is  meaningless,  because  the  costs  of  water  and 
maintenance  are  charged  to  the  flush-tanks.  These  items  should  be 
charged  against  the  sewers,  as  the  expenditure  is  entirely  for  the  pur- 
pose of  keeping  the  sewers  clean,  and  the  only  annual  charge  against 
the  flush-tanks  should  be  the  interest  and  sinking  fund  charges  on 
their  cost  and  the  actual  labor  necessary  for  their  maintenance. 

As  to  the  necessity  of  using  flush-tanks  on  6-in.  and  8-in.  sewers  on 
steep  grades,  it  is  possible,  as  the  author  states,  that  infrequent  hand 
flushing  may  be  quite  satisfactory  if  properly  attended  to.  As  in 
most  towns  the  number  of  such  sewers  is  generally  quite  small,  the 
omission  of  flush-tanks  would  probably  cause  a  greater  expense  for 
maintenance  than  if  they  were  provided. 

With  the  author's  ninth  conclusion,  that  "  on  grades  greater  than 
B%  flush-tanks  are  unnecessary  and  their  installation  is  a  waste  of 
money,"  the  sjjeaker  is  not  in  accord.  Cases  where  such  steep  grades 
occur  are  comparatively  rare,  and  no  great  mistake  will  be  made  by 
using  flush-tanks  at  their  upper  ends,  and  if  there  is  any  mistake  it 
will  be  on  the  safe  side.  It  must  not  be  lost  sight  of  that  these  very 
heavy  grades  occur  nearly  always  at  the  upper  ends  of  the  long 
sewers,  and  that  the  current  of  air  through  them  will  generally, 
though  not  always,  be  toward  the  top,  at  which  point  disagreeable 
odors  will  be  noticed  if  the  sewers  are  not  kept  clean. 

The  speaker  would  suggest,  in  closing,  that  with  the  great  hydrau- 
lic laboratory  recently  instituted  at  Ithaca  by  the  College  of  Civil 
Engineering  of  Cornell  University,  with  which  the  author  is  con- 
nected, the  opportunity  exists  of  producing  a  great  amount  of  valu- 
able experimental  data,  and  he  hopes  that  the  profession  may  soon  feel 
the  benefit  of  the  work  that  may  be  done  there. 

G.  W.  TiLTiSON,  M.  Am.  Soc.  C.  E. — In  Omaha  the  speaker  once  Mr.  Tillson. 
had  an  opjjortunity  to  see  a  good  deal  of  the  fungus  growth  alluded 
to  by  Mr.  Hering.  When  the  Omaha  separate  system  was  first  con- 
structed, a  main  sewer  was  built  along  the  bluffs,  and  small  6-in.  sewers 
were  built  at  right  angles  thereto  and  running  nji  through  the  busi- 
ness parts  of  the  city.  It  was  intended  to  have  flush-tanks  at  the 
heads  of  these  lines,  but,  because  of  some  trouble  over  patents,  some 
of  the  flush-tanks  were  not  eflScient.  The  grades  at  the  lower  ends  of 
the  sewers  were  about  6  ins.  per  100  ft.,  while  at  the  ui^per  ends  they 
were  from  5  to  8  ft.  per  100  ft.  A  year  or  so  after  the  sewers  had  been 
constructed  they  became  stopped,  and  upon  examination  were  found 
to  be  nearly  half  full  of  this  fungus  growth  for  some  hundreds  of  feet. 
Having  been  built  without  manholes,  it  became  necessary  to  dig  down 
and  open  up  the  sewers  to  clean  them  out,  and,  as  it  was  found  to  be 
impossible  to  flush  them  out  with  water,  they  had  to  be  cleaned  out 
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Mr.  Tillson.  mechanically.  The  sewers  gave  this  trouble  as  long  as  they  were  in 
use,  and  finally  they  had  to  be  enlarged.  As  the  system  was  ex- 
tended, and  flush-tanks,  which  flushed  every  twelve  hours,  were  built 
at  the  upper  ends  of  the  lines,  all  such  difficulty  was  avoided,  and, 
with  the  exception  of  the  first  four  or  five  lines  that  were  built,  there 
was  no  trouble  at  all  from  the  fungus  growth. 

While  at  Omaha  an  opportunity  was  afi"orded  to  witness  the 
efficiency  of  a  good  flush,  although  it  did  not  come  from  a  flush-tank. 
The  speaker  had  charge  of  the  construction  of  an  8-in.  sewer,  which 
emptied  into  a  12-in.  sewer.  The  trench  had  been  back-filled  for  about 
300  ft.  and  a  manhole  constructed  at  the  upper  end.  A  storm  arose, 
and,  as  the  trench  had  not  been  entirely  filled,  the  manhole  was  badly 
washed,  and  after  the  storm  a  large  hole  was  found  in  it.  Whether  it 
had  been  broken  in  by  some  miscreant  was  never  found  out,  but 
the  manhole  was  found  half  full  of  mud,  and  it  was  presumed  that 
the  sewer  was  in  about  the  same  condition.  Half  way  down  to  the 
outlet,  about  150  ft.,  a  T  liatl  been  constructed  in  the  sewer,  and  upon 
digging  down  at  that  point  the  sewer  was  found  to  be  full  of  mud. 
The  contractor  looked  decidedly  blue,  thinking  it  woxild  be  necessary 
to  take  up  the  entire  sewer,  clean  out  and  relay  it. 

The  soil  in  the  Missouri  valley,  or  in  the  Mississippi,  as  is  well 
known,  becomes  very  slippery  as  soon  as  it  is  wet.  Thinking  to  take 
advantage  of  this  fact,  a  fire  hose  was  attached  to  a  hydrant  and 
applied  to  the  T.  After  the  pressui'e,  which  at  that  point  was  about 
90  lbs.,  had  been  applied  for  several  minutes,  the  mud  commenced  to 
start,  and  in  a  short  time  it  was  driven  out  of  the  pipe  for  150  ft.  The 
hose  was  then  applied  to  the  manhole,  and,  after  some  delay,  the 
sewer  for  the  whole  length  of  300  ft.  was  cleaned  out  simply  by 
flushing;  the  dirt  coming  out  at  the  lower  end  in  the  form  of  a  sausage. 
Of  course,  this  was  only  possible  because  of  the  nature  of  the  soil, 
which,  as  above  stated,  is  very  slippery,  and  when  wet  is  almost  like 
grease. 
Mr.  Dunham.  H.  F.  DuNHAM,  M.  Am.  Soc.  C.  E. — In  conclusion  No.  8,  there  is 
a  reference  to  semi-annual  or  quarterly  flushings  with  hose,  which  are 
sometimes  sufficient.  The  speaker  would  like  to  know  what  kind  of 
matter  is  swept  out  of  a  sewer  by  those  flushings,  or,  particularly, 
whether  it  is  sediment  from  the  sewage  itself  or  sand  that  has  ac- 
cumulated? It  is  important  to  keep  a  sewer  reasonably  clean.  If 
sewage  remained,  it  would  become  nearly  as  foul  and  objectionable  in 
a  fraction  of  one  month  as  it  would  in  any  portion  of  a  year.  If  the 
flushing  is  simply  to  free  the  sewer  from  sand  and  restore  its  former 
capacity,  the  interval  would  depend  uj^on  many  external  conditions, 
and  could  hardly  be  fixed  by  a  general  rule. 
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CORRESPONDENCE. 


Wm.  B.  Landreth,  M.  Am.  Soc.  C.  E. — This  paper  is  of  value  in  Mr.  Landreth. 
tliat  it  gives  the  results  of  observations  of  the  form  and  intensity  of 
the  flush  wave  in  small  sewers  and  conclusions  based  on  the  author's 
personal  experience  and  correspondence  with  other  engineers. 

The  writer  has  had  occasion  to  use  flush-tanks  on  several  sewerage 
systems,  both  separate  and  combined,  and  has  closely  watched  their 
operation,  to  determine,  if  possible,  the  relations  between  the  grade  of 
the  sewers,  the  amount  of  water  necessary  for  flushing  and  the 
frequency  of  its  application,  but  he  has  been  unable  to  arrive  at  any 
exact  results.  The  condition  of  the  sewers,  whether  clean  or  foul, 
smooth  or  rough,  has  a  great  bearing  upon  the  amount  and  rate  of 
flushing  necessary.  The  rate  of  discharge  from  the  flush-tanks  also 
has  some  influence  upon  the  results,  and,  in  the  writer's  opinion, 
should  not  be  less  than  from  10  to  15  galls,  per  second  for  8  or  10-in. 
sewers  on  grades  less  than  1  per  cent. 

The  author's  conclusion  that  flush  tanks  may  be  ijrofitably  used  at 
intervals  along  a  sewer  seems  correct,  especially  on  flat  lines  at  the 
foot  of  steep  sewers,  as  the  checking  of  the  sewage  flow  when  it 
reaches  the  flat  grade  causes  it  to  drop  the  sediment,  which  has  been 
easily  carried  on  the  steep  one. 

The  economic  regulation  of  the  flush-tanks  on  a  sewerage  system 
is  not  easy,  and  can  only  be  ascertained  by  experiment,  as  the  quantity 
of  water  necessary  will  vary  on  different  lines. 

The  conclusions  reached  by  the  author  seem  to  the  writer  to  be 
conservative,  and  to  agree  closely  with  the  results  of  his  own  observa- 
tions. 

L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E.  —The  necessity  of  flushing  the  Mr.  Le  Conte. 
upper  ends  of  laterals  is  generally  conceded  to  be  a  good  sanitary 
measure.  The  three  main  principles  to  keep  in  mind  are  efficiency, 
economy  and  elasticity.  By  elasticity  is  meant  easy  adaptability  to 
meet  all  natural  changes  in  the  conditions  of  flow  in  the  sewers  of  a 
town,  resulting  from  an  increase  in  jiopulation.  Experience  teaches 
the  writer  that  the  use  of  fire  hose  or  a  direct  connection  with  the 
water  mains  of  the  city  fulfills  these  three  conditions  to  the  best  ad- 
vantage, all  things  considered. 

Flush-tanks  are  expensive  and  require  more  or  less  attention  all 
the  time,  in  order  to  maintain  the  flushes  at  suitable  intervals.  To 
avoid  vexatious  interruptions,  the  common  practice  is  to  increase  the 
supply  of  water  to  each  tank,  thus  shortening  the  intervals  between 
flushes.  Where  a  city  is  largely  supplied  with  flush-tanks,  the  willful 
waste  of  water  due  directly  to  this  cause  is  something  almost  in- 
credible.    The  writer  knows  of  one  or  two  extreme  cases  where  towns 
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Mr.  Le  Conte.  use  flush-tanks  on  a  large  scale,  and  nearly  half  of  the  entire  daily 
water  supply  of  the  town  passes  through  the  flush-tanks  and  into  the 
sewer  system.  This  is  always  the  case  where  the  town  or  city  owns 
the  water  supply,  or  where  water  is  furnished  free  for  all  public  pur- 
poses. 
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WITH  DISCUSSION. 


Introductory. 


The  advantages  which  well-designed  masonry  arches  oflfer,  as  com- 
pared with  the  less  durable  structures  of  iron  and  steel,  have  been 
adequately  demonstrated  by  modern  experience. 

The  cost  of  maintenance  of  iron  and  steel  bridges,  together  with 
their  more  or  less  limited  lasting  qualities,  are  sometimes  offset  by 
the  ease,  simiilicity  and  accuracy  of  design  and  erection  to  which  they 
are  susceptible.  The  time  allowable  for  construction  may  also,  in 
many  cases,  weigh  strongly  in  their  favor. 

However,  the  many  masonry  arches  built  centuries  ago — a  few 
antedating  written  history — ^are  indisputable  evidences  of  permanency. 
Few, of  these  arches  have  reqtiired  any  repairs,  and  their  cost  of  main- 
tenance has  amottnted  to  almost  nothing,  a  fact  not  to  be  realized  in 
metal  bridges. 
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The  purpose  of  this  paper  is  to  demonstrate  that  masonry  arches 
may  be  constructed  on  any  good  foundation,  such  as  hard  clay,  and 
that  they  will  admit  of  an  accuracy  and  simplicity  of  design  quite 
equal  to  that  attainable  for  similar  structures  of  iron  or  steel.  In 
many  instances  concrete  arches  are  even  cheaper  in  first  cost  than 
metal  bridges.  Besides,  the  former  possess  the  additional  advantages 
of  permanency  and  low  cost  of  maintenance. 

Recent  progress,  achieved  through  the  earnest  labors  of  German, 
French  and  Austrian  engineers,  has  destined  the  masonry  arch  to 
become  the  successful  competitor  of  iron  and  steel  bridges,  whenever 
the  natural  conditions  of  foundations  and  length  of  span  do  not  offer 
unsurmountable  difficulties. 

The  great  advances  accomj^lished  in  the  manufacture  of  cements 
during  the  past  ten  years,  the  elaborate  arch  tests  made  by  the  Austrian 
Society  of  Engineers  and  Architects  from  1890  to  1895,  and  the  construc- 
tion of  a  few  three-hinged  masonry  and  concrete  arches,  venturing  the 
adoption  of  high  unit  stresses,  low  factors  of  safety  and  long  sjians; 
these  mark  the  arrival  of  a  new  era  in  masonry  bridge  construction. 

However,  many  diflSculties  are  encountered  in  the  construction  of 
fixed  masonry  arches,  owing  particularly  to  insufficient  elasticity  in 
the  masonry.  The  nattiral  deformations  in  the  arch,  caused  by  shrink- 
age of  the  masonry,  setting  of  mortar,  stress  and  temperature,  usually 
cause  cracks  which,  while  rarely  of  a  serious  character,  are  reasons 
for  discouragement  to  the  engineer,  who  has  probably  applied  every 
known  precaution  to  prevent  their  occurrence. 

According  to  the  recommendations  of  the  Austrian  Society  of  En- 
gineers and  Architects,  as  a  result  of  their  elaborate  tests,  a  fixed 
masonry  arch  should  be  constructed  only  when  the  following  condi- 
tions can  be  realized: 

1.  The  abutments  must  be  absolutely  rigid. 

2.  The  falsework  must  retain  its  form  during  the  construction  of 
the  arch  ring. 

3.  The  material  (stone  and  mortar)  must  be  of  the  best  quality. 

4  The  construction  of  the  arch  ring  must  be  most  carefully  con- 
ducted. 

5.  The  falsework  must  not  be  released  until  the  mortar  has  thor- 
oughly set. 

6.  When  the  falsework  is  released  it  must  be  done  gradually  and 
uniformly. 
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These  conditions,  except  the  two  first  named,  can  always  be  fulfilled, 
though  the  lack  of  rigidity  of  abutments  and  falsework  are  the  two 
great  obstacles  in  the  way  of  long-span  masonry  arches  without  hinges. 

In  matters  pertaining  to  the  design  of  fixed  masonry  arches,  it  is 
safe  to  say  that  the  method  based  on  the  theory  of  elasticity  is  the 
only  one  entitled  to  full  confidence,  and  permitting  of  an  analysis  cor- 
responding in  accuracy  with  the  knowable  proj^erties  of  the  material. 
All  other  methods  are  too  approximate  to  admit  of  close  designing,  such 
as  the  modern  status  of  engineering  science  would  generally  demand. 

This  modern  and  most  exact  method,  however,  is  not  free  from  crit- 
icism. While  the  fundamental  jjrinciples  of  the  theory  are  almost 
axiomatic,  their  final  application  to  the  solution  of  stresses  is  ex- 
tremely complicated,  so  much  so  that  few  engineej-s  can  be  credited 
with  the  patience  and  earnest  endurance  to  master  either  the  method 
or  the  solution  of  a  problem  to  which  it  is  applied. 

Therefore,  unless  the  masonry  arch  can  be  so  treated  as  to  combine 
clearness,  simplicity,  undoubted  accuracy  and  economy  in  design 
with  faultless  construction,  the  field  of  usefulness  of  this  class  of 
structure  will  remain  restricted,  and  such  monuments  as  the  Cabin 
John  Bridge  will  continue  to  remain  curiosities  of  rare  production. 

This  is  not  what  the  masonry  arch  deserves,  in  view  of  its  jjrac- 
tically  everlasting  life,  nominal  cost  of  maintenance  and  naturally 
aesthetic  form,  which  latter  should  be  a  isrime  factor,  though  rarely 
given  much  consideration,  in  the  choice  of  a  bridge. 

Essentially  all  the  harassing  features  of  fixed  masonry  arches  are 
overcome  by  the  introduction  of  hinges  at  the  crown  and  abutments, 
thus  permitting  a  rigid  analytical  treatment  and  affording  almost  ab- 
solute safety  against  cracks,  even  though  small  settlements  may  take 
place  in  the  abutments.  The  idea  was  introduced  by  Koeiske,  of  Dres- 
den, in  1880,  by  i^roviding  open  joints  at  crown  and  haunches.  Karl 
V.  Leibbrand,  Stuttgart,  in  1885,  substituted  sheet  lead  for  the  open 
joints,  and  in  1893,  applied  cast-iron,  hinged  bearings.  The  author, 
as  early  as  1888,  while  engaged  on  the  construction  of  the  strategical 
railway  Weizen-Immendingen,  Baden,  Germany,  advocated  metal 
hinges  for  masonry  arches,  but  i^rejudice  and  custom  prevented  a 
practical  application  being  made  at  that  time. 

Some  of  the  noteworthy  bridges  which  have  been  constructed  with 
hinges  or  hinge-like  joints  are  briefly  described  in  the  following: 
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1.  Bridges  on  the  railroads  of  Saxony,  built  in  1880.  by  Koepke. 
The  largest  was  of  sandstone,  13  m.  span,  3  m.  rise,  thickness  of  arch 
ring  0.50  m.  to  0.60  m.  Hinges  consisted  of  a  convex  surface  of  sand- 
stone, radius  =  0.977  m.,  rolling  in  a  concave  surface,  radius  =  1.105 
m.  The  maximum  unit  stress  was  12.87  atm.  Several  arches  of  this 
type  were  constructed,  some  with  only  two  hinges  and  some  of  con- 
crete.    All  gave  excellent  satisfaction. 

2.  Sandstone  bridge  over  the  Enz  Eiver  near  Hoefen,  Germany, 
built  by  Leibbrand,  in  1885.  Span.  28  m.;  rise,  2.8  m. ;  maximum 
stress,  24  atm.  Hinge-like  joints  of  sheet  lead.  Several  other  bridges 
of  this  type  were  built  in  1886  to  1890.  The  unit  stresses  were  succes- 
sively increased  until  56.4  atm.  were  attained  on  the  Forbach  Bridge, 
in  Baiersbronn,  using  sandstone  of  653  atm.  breaking  strength. 

3.  Concrete  arch  over  the  Danube  River,  near  Munderkingen, 
Wurtemberg,  built  by  K.  v.  Leibbrand,  in  1893.  Span,  50  m. ;  rise, 
5  m. ;  thickness  of  arch,  1  m.  at  crown,  1.4  m.  at  quarter  points,  and 
1.1  m.  at  abutments.  This  arch  was  constructed  as  a  three-hinged 
arch,  and  was  the  first  masonry  arch  with  actual  hinged  joints.  The 
maximum  compi'ession  in  the  arch  was  34.6  atm.  and  57  atm.  adjacent 
to  the  steel  hinges.  The  concrete  was  composed  of  1  part  Portland 
cement  to  2^  parts  sand  and  5  jsarts  broken  limestone,  showing  an 
ultimate  compressive  strength' of  254  atm.  in  28  days  and  520  atm.  in  2 
years  and  7  months.  The  settlement  at  the  crown,  from  the  time  of 
closing  the  arch  ring  to  the  entire  completion,  was  13.1  cm.  One 
abutment  is  founded  on  rock,  the  other  has  a  pile  foundation. 

4.  Concrete  bridge  over  the  Danube  near  Eechtenstein,  Wurtem- 
berg, built  in  1893,  by  Engineer  Braun.  This  bridge  is  made  up  of  two 
arches,  each  of  23  m.  span  and  2.5  m.  rise;  the  thickness  of  the  arch 
is  0.65  m.  at  the  crown  and  0.9  m.  at  the  haunches.  Concrete  for  arch 
ring  was  composed  of  1  part  Portland  cement  to  2^  parts  sand  to  5 
parts  gravel  and  i  part  quarry  stone.  The  hinges  are  18-cm.  and  20- 
cm.  lead  strips  for  the  crown  and  abutments,  respectively.  The  high- 
est stress  in  the  arch  ring  was  18  atm.,  and  the  settlements  at  the 
crowns  of  the  two  spans  were  4.0  and  3.0  cm.  One  abutment  was 
founded  on  piles,  the  other  on  gravel  and  boulder  strata,  and  the 
middle  pier  on  solid  rock. 

5.  Bridge  de  la  Coulouvreniere,  over  the  Rhone  River,  in  Geneva, 
Switzerland,  built  in  1895,  by  Engineer  Butticaz.  This  bridge  was 
made  of  concrete  and  consists  of  two  main  arches  spanning  40  m. 
each,  with  a  rise  of  5.55  m.  each,  separated  by  a  small  span  of  14  m.,  and 
a  12-m.  arch  adjoining  the  abutment  of  one  of  the  main  arches.  The  large 
spans  were  patterned  after  the  arch  at  Mimderkingen,  and  the  small 
spans  were  supplied  with  lead  joints,  as  the  bridge  at  Rechtenstein. 

6.  Concrete  bridge  over  the  Danube,  near  Inzighofen,  Wurtemberg, 
built  in  1896,  by  Max  Leibbrand.     Span,  43  m. ;  rise,  4.46  m.  hinged 
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at  crown  and  abutments  with  oast-iron,  hinged  jiedestals.  Thickness 
of  arch  ring,  0.7  m.  at  crown,  1.1  m.  at  quarter  points  and  0.78  m.  at 
abutments.  Maximum  stress,  36.5  atm.  in  compression,  and  1  atm.  in 
tension.  Concrete  for  arch  ring  was  composed  of  1  part  Portland 
cement  to  2^  parts  sand  to  4  parts  crushed  limestone  with  i  pai't  lime- 
stone screenings.  Settlement  of  arch  during  construction  (4  months) 
was  8  cm. 

All  the  above-mentioned  hinged  and  semi-hinged  arches,  besides 
others  which  could  not  be  enumerated  here,  have  given  excellent 
satisfaction  and  have  develojaed  no  cracks,  even  though  some  were 
founded  on  piles  and  others  on  clay  foundations.  Age  will  undoubt- 
edly be  beneficial  rather  than  detrimental,  which  has  never  been  said 
for  iron  or  steel  bridges. 

The  oldest  concrete  bridge  seems  to  have  been  built  in  Switzerland 
near  Aarau,  in  1840,  using  Roman  cement.  This  bridge  has  a  span  of 
7.2  m.,  and  a  rise  of  3  m.  Even  this  cement,  which  is  not  as  good  as 
most  natural  cements,  has  stood  the  test  of  time. 

With  the  adoption  of  three  hinges  and  the  evidence  just  submitted, 
it  will  be  possible  to  construct  a  masonry  arch  on  almost  any  mod- 
erately good  foundation  and  with  reasonable  assurance  against  cracks, 
both  during  and  after  construction,  all  of  which  should  be  regarded  as 
a  welcome  step  in  advance.  This  feature  also  makes  it  i^ossible  to  de- 
termine the  stresses,  for  any  system  of  loading,  with  accuracy  and  cer- 
tainty, also  to  stress  the  material  from  one-tenth  to  one-sixth  its 
ultimate  strength  as  obtained  from  test  samples.  All  these  advant- 
ages combined  in  the  three-hinged  masonry  arch  place  it  on  a  high 
plane  of  engineering  perfection.  It  is  hoped  that  this  pajjer  may  be 
the  means  of  introducing  this  form  of  arch  construction  into  the  United 
States. 

In  the  following,  all  dimensions  are  given  in  the  metric  system 
simply  for  convenience  in  computations,  but  the  formulas  are  equally- 
applicable  to  any  other  system  of  units.     The  abbreviations  used  are: 
1  meter  =  1  m.     =    3.2809  ft. 

1  square  meter  =  1  m.^    =  10.7641  sq.  ft. 
1  cubic  meter    =  1  m.^    =  35.3156  cu.  ft. 
1  centimeter     =  1  cm.    =    0.3937  in. 
1  kilogram         =  1  kgr.  =    2.2046  lbs.  avoir. 

1  atmosphere    =  1  atm.  =    0.9482  English  atm.  =  1  kgr.  per  cm. «: 

=  14.223  lbs.  per  square  inch. 
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THEOKETICAIi    DEDUCTIONS. 

I. — General  Equations  for  the  Three-Hinged  Arch. 

(a)  Applied  Forces  and  Reactions. — Given  the  arch,  Fig.  1,  with 
hinged  joints  a,t  A,  B  and  0,  acted  upon  by  the  forces  P^  and  P.,,  as- 
sumed to  represent  the  resultants  of  all  vertical  loads  ajsplied  re- 
spectively to  the  left  and  right  of  the  crown  0.  Required  to  find 
the  reactions  at  the  hinges  A,  B  and  0. 

The  thrust  i^roduced  by  P^  on  the  segment  0  B  must  pass  through 
the  hinge  0,  the  only  point  of  contact  between  the  segments  A  0  and 
0  B.  This  thrust  must  also  j)ass  through  the  hinge  B,  otherwise  the 
segment  0  B  would  rotate  about  B.  Also,  the  intersection  c^ol  0  B 
with  the  force  P^^  must  be  a  point  on  the  line  of  the  reaction  produced 


Fig.  1. 

by  Pj  in  A.  The  reactions  in  A  and  B,  produced  by  P^  are,  there- 
fore, /*/  and  P{ ,  respectively,  determined  by  the  resolution  of  P^  in 
the  parallelogram  indicated. 

In  like  manner  the  reactions  produced  by  Pj  ^^^  found  to  be  P^' 
and  Po,  acting  in  A  and  B  resj)ectively.  The  resultant  reactions  in 
A  and  B  are  then  R^  and  R2  respectively,  R^  being  the  resultant  of 
P]'  and  P2    ^^d  -^2  ^^®  resultant  of  Pj"  and  P.2'. 

If  the  forces  R^,  R2,  Pi  and  P2  are  combined  in  a  force  polygon. 
Fig.  1  &,  and  the  equilibrium  i^olygon  A  e^  0  62  B  is  drawn,  it  will  be 
seen  that  the  reactions  Q  are  equal  and  opposite,  and  that  the  line  of 
action  of  e^  (9  63  is  a  straight  line  passing  through  the  hinge  0.  This 
equilibrium  polygon  is  called  the  line  of  thrust  for  the  given  forces. 
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The  horizontal  components  of  Q^,  Q.^,  i?i  and  R.,  are  all  equal  to  B, 
(see  Fig.  lb),  which  is  called  the  horizontal  thrust,  and  is  constant  for 
any  point  of  the  arch.  The  vertical  components  of  R^  and  R,  are  the  ver- 
tical reactions  in  A  and  B  respectively,  and  the  vertical  component  V 
of  Q  represents  the  shear  at  the  crown  0.  Only  these  horizontal  and 
vertical  components  of  the  reactions  in  A,  0  and  B  will  be  considered 
in  the  following,  and  will  be  called  "  the  reactions." 

The  general  expressions  for  the  reactions  of  a  three-hinged  arch 
will  now  be  found. 

Assume,  in  Fig.  2,  the  segment  0  B  removed  and  a  force  R,  resolved 
into  components  iZ  (horizontal)  and  V  (vertical),  replacing  the  action 
of  0  B  on  0  A.     The  moment  equation  about  A  is 

P,d,-H/+  -^  =  0 (1) 

Similarly  assume,   in  Fig.   3,  the  segment    0  A    removed  and  the 


Fig.  2.  Fig.  3. 

equilibrium  of  segment  0  B  preserved  by  the  force  R  (equal  and  op- 
posite to  R  in  Fig.  2)  resolved  into  components  H  and  V  as  before. 
The  moment  equation  about  B  is 


evaluating  Hand  Ffrom  (1)  and  (2) 


(2) 


H  =  ^(P,d,+  P,d,). 
and  T^=  -]~  (P.  di  —  Pi  di)- 


.(3) 


•(4) 


The  vertical  reactions  are  obtained  as  follows  from  the  equations 
for  shear.     With  reference  to  Figs.  2  and  3, 


I 


I 


P,-V  =  P,-  1^  {P,d,-P,  d,)  =  ^liLz^±3^\,,^Qy 
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•From  (5)  and  (6)  it  will  be  seen  that  the  reactions  A  and  B  are 
identical  with  the  reactions  of  a  simple  beam  supj^orted  at  A  and  B. 
The  value  of  R  obtained  from  either  Fig.  2  or  Fig.  3  is 

E  =  ^  H""  +  F2  =  k/  H'-\-  S\ (7) 

which  expression  holds  good  for  the  resultant  thrust  at  any  point  of 
the  line  of  thrust,  S  being  the  shear  at  the  point  in  question. 

It  follows  from  (3),  that  all  forces  acting  on  the  arch,  at  points  be- 
tween A  and  B,  afifect    H  jDositively,  while  this  is  not  true  of  the  re- 
actions A,  B  and  V. 

(b.)  Reactions  Resulting /7'om  a 
Train  of  Concentrated  Loads,  Com- 
ing on  the  Span  from  the  Right- 
Hand  Abutment. — The  laws  indi- 
cated by  equations  (3),  (4),  (5)  and 
(6)  are  ajD plied  in  deducing  the 
expressions  for  the  general  case 
of  loading,  Fig.  4,  as  follows: 


Fig,  4. 
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/      L      o                           o 

-d) 

_  i  2^  Pd 

I          A 

B^-^^""  P{1 


d). 


..(8) 
..(9) 
(10) 

.(11) 


Also,  the  shear  at  any  point  m,  distant  a  from  the  crown  0  is  found 
as  for  a  beam  of  span  A  B  =  I  and  is 

I 


A—  2     P 


^^.Pd- 


^tP. 


,(12) 


In  the  above  equations  the  expression  ^      P  d  is  used  to  indicate 

o 

the  sum  of  the  products  Pd  for  all  loads  acting  between  the  points  0 
and  B.  Other  expressions  of  summations  are  to  be  interpreted  ac- 
cordingly. 

(c. )  Reactions  Resulting  from  a  Uniform  Live  Load  p  per  Unit  of  Length, 
■doming  on  the  Span  from  the  Right-Hand  Abutment  and  Extending  over  the 
Span  to  a  Distance  e  to  the  Left  of  the  Crown  0. — The  following  equations 
are  obtained  analogous  to  equations  (8),  (9),  (10)  and  (11): 
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2/-  L   8 


pe  (I  —  e) 


/     L    8 


+  "-^V^'J (13) 

^] (U) 

^  =  ^7(4  +  0' ; ("' 

^=''(4+0  -^=Tr  ("T  +  ^'^'^O  ••(i"^ 

(rf.)  Symmetrical  Loading. — For  equal  loads  placed  symmetrically 
witli  respect  to  tlie  crown,  or  for  symmetrical  loading,  equations  (3), 
(4),  (5)  and  (6),  also  equations  (8),  (9),  (10)  and  (11),  give  the  following 
special  values : 


H=  K  P  <h 


and  A  =  B  =  2     P- 


f 


I 


For  uniformly  distributed  load  over  tlie  entire  si)an,  e  =  —  and 
equations  (13),  (14),  (15)  and  (16)  give 

H=^,  F=0      and  J  =5=^. 

8/'  2    ^ 

As  only  symmetrically  shaped  arches  are  to  be  treated  in  the  fol- 
lowing, the  analysis  will  be  confined  to  only  the  half  span. 

II. — Position  of  a  Moving  Load  for  Maximum  Stresses. 

For  any  arch  of  center  line  A  0  B 
and  hinged  at  A,  O  and  B,  Fig.  5, 
the  reaction  at  B,  resulting  from 
any  load  P  to  the  left  of  0,  will 
have  the  direction  COB  and  the 
reaction  at  A  will  jjass  through  A 
and  C.  The  reaction  A  will  then 
jDroduce  a  moment  about  any  point 
vi'  of  the  arch  center  line,  which  will  be  negative  or  positive  accord- 
ingly as  this  laoint  in'  is  above  or  below  the  line  A  C.  and  this  moment 
will  become  zero  for  a  point  vi  on  the  line  A  C.  Hence  the  vertical 
through  (7  is  the  dividing  line  of  loads  or  load  divide  for  positive  and 
negative  influences  on  the  moment  about  in,  which  jsoint  is  the  inter- 
section of  the  line  A  C  with  the  center  line  A  0  B,  though  more  prop- 
erly the  line  of  thrust. 

Hence,  a  system  of  loads  covering  the  span  from  the  right  abut- 
ment B  up  to  C,  will  produce  maximum  compression  in  the  fibers  of 


Fig.  5. 
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the  intrados  and  maximum  tension  (if  any)  in  the  fibers  of  the  extrados 
for  the  arch  section  at  m.  Also,  a  system  of  loads  covering  the  span 
from  the  abutment  at  A  up  to  G  will  produce  maximum  compression 
in  the  fibers  of  the  extrados  and  maximum  tension  (if  any)  in  the 
fibers  of  the  intrados  for  this  same  arch  section  at  771. 

Since  the  resultant  thrust  in  masonry  arches  is  usually  confined 
to  the  middle  third  of  the  arch  ring  (see  Section  IV)  and  accordingly 
this  line  of  thrust  is  very  nearly  normal  to  the  voussoir  joints  or  radii 
vectori,  it  follows  that  the  shear  component  of  this  thrust  is  necessarily 
small  and  any  discussion  with  regard  to  loading  for  maximum  and 
minimum  shears  is  considered  sui3erfluous,  especially  as  the  unit 
stresses  are  somewhat  liberally  chosen,  owing  to  the  rather  uncertain 
pi'operties  of  masonry. 

III. — Combined  Action  of  Dead  and  Live  Loads. 

[a.)    Uniformly  Distributed  Live  Load  and  Symmetrical  Dead  Load. 

1.  Case  of  loading  for  maximum  compression  in  the  intrados  for  any 
point  m  of  the  left  half  of  span  :  This  case  of  loading  will  also  give 
the  minimum  stress  in  the  extrados  at  on.  In  accordance  with  the 
preceding,  the  live  load  must  in  this  case  cover  the  span  from  the 
right-hand  abutment  at  D  up  to  the  load  divide  C  for  the  point  m,  Fig. 
6.  The  following  definitions  of  terms  will  be  adopted  and  retained 
throughout  this  work. 

Let  m  be  the  point  of  application  of  the  resultant  thrust  R  of  the 
external  forces  on  any  voussoir  joint  or  radial  section  mn  under  con- 
sideration. 

Let  y  and  a  be  the  co-ordinates  of  the  point  ?n,  referred  to  the  rect- 
angular axes  OJ^and  On  with  origin  at  0. 

2g  q  =  resultant  dead  load  of  that  portion  of  the  span  between 
0  and  m. 

b  =  distance  from  0  to  line  of  action  of  2^  q. 
I 

2^  q  =  resultant  dead  load  for  the  half  span  0  A. 

I 
s  =^  distance  from  A  to  the  line  of  action  of  2^  q. 

p  ■=  live  load  per  unit  of   length,   covering  the  sj)an  from  D 
to  C. 
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e         =  distance  from  crown  0  to  the  load  divide  G  to  the  left 

of  0. 
H       =  horizontal  thrust  from  total  dead  load  Aio  B  and  live  load 

from  D  to  C. 
V        =  shear  at  0  due  to  live  load  D  to  C.     The  dead  load  being 

symmetrical  does  not  affect  V. 
S        =  total   shear  at  m  from  dead  and  live  loads  as  assumed 

for  E. 
R        =  resultant  thrust  at  m  =  resultant  of  H  and  S.     This  re- 
sultant i^asses  through  m  and  hence  its  moment  about  m  must  be 
zero,  likewise  the  sum  of  the  moments  of  the  external  forces  about  m 
miist  be  zero. 


Live  load  n  per  unit  of  length 


Since  the  dead  load  is  not  uniformly  distributed  in  the  case  of  an 
arch,  the  quantities,  '2'^  q  for  successive  positions  of  m  are  not  pro- 
portional and  must  be  obtained  by  summing  the  q's.  The  entire  arch 
is  divided  into  vertical  segments  and  the  weight  q,  of  each,  is  deter- 
mined, as  is  also  the  distance,  ?%  from  the  crown,  0,  to  the  center  of 
gravity  of  each  q.  The  distances,  b,  are  obtained  by  dividing  the 
sums  of  the  moments,  qr,  by  the  sums  of  the  corresponding  q's,  thus 

h  =  ^- 

The  moment  equation  of  external  forces  about  m  is 

which  when  solved  for  y  gives 
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[a  -h)^lq^aV  -^ep  {(t  -  -|-^ 


H~ 


wherein,  from  equations  (13)  and  (14), 


Ir/)/^ 


tD 


■  pe- 


(I  — 


^'] 


and 


^=T^"'"^27LV+^^ 


(17) 


S: 


Also,  by  analogy,  with  equations  (12)  and  (15), 

+  ^u 


^  a+0 


(18) 


Now,  since  lor  any  point,  m,  whose  absissa,  a,  is  known  or  as- 
sumed, the  ordinate,  y,  can  be  found  from  (17),  the  locus  of  m,  for  all 
points  from  A  to  0,  is  fully  determined  and  can  be  drawn.  This 
locus  represents  the  extreme  jiositions  of  all  possible  lines  of  thrust 
resulting  from  the  combined  action  of  dead  load  and  moving  live  load. 

The  loci  of  maximum  and  minimum  effects  give  at  once  the  data 
for  obtaining  the  thickness  of  arch  ring  for  every  assumed  point,  m 
(see  Section  lY). 

2.  Case  of  loading  for  maximum  compression  in  the  extrados  for  any 
point  m  of  the  left  half  of  span.  The  same  loading  will  also  give  the 
minimum  stress  in  the  intrados  at  m.  In  this  case  the  live  load  must 
cover  the  span  from  the  left  hand  abutment  E  up  to  the  load  divide 
C,  Fig.  7. 


Fig.  7. 
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Eetaining  the  ijrevious  notation,  the  moment  equation  for  the  point 
m  is: 


[a  —  b):So  q  —  a  V  +  J^ia  —  ef  —  H y  =  0 


P 
which  gives  for  y  the  value 


y  = ^ I 

in  which  ^ (^^) 

also 

(I  X2y....(20) 

V-2-V 


11 


3.  Case  of  loading  for  the  half  span  covered  with  uniformly  distri- 
buted live  load  for  any  point  m  of  the  left  half  of  span.     In  this  in- 
stance the  locus  of  y  rejjresents  a  line  of  thrust  for  the  assumed  case 
of  loading.     The  condition  imposed  makes  e  ^  0,  hence 
for  load  extending  from  Z>  to  0,  (17)  and  (18)  give 

[a  —  b)  :So  q  -\-  -^ 

y  = ^ (21) 

and 

S=^lq^^ (22) 

and  for  load  extending  from  E  to  0,  (19)  and  (20)  give 

{a  —  b)  2oq+  % g- 

y  = -^ — (23) 


and 


S=2U+  ctp-^ (24) 


In  equations  (21)  and  (23)  the  value  of  H  remains  constant  for  any 
position  of  m  and  has  the  value 

s=-j4^-^W7 (''^ 
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This  condition  of  loading  was  formerly  applied  as  a  case  for  maxi- 
mnm  stresses  at  tlie  quarter  points;  but  as  is  readily  seen  from  the 
above,  this  assumption  gives  values  which  are  much  too  small. 

4.  Case  of  loading  for  maximum  values  of  H  and  S,  the  entire  span 
being  symmetrically  covered  with  uniformly  distributed  live  load. 
For  this  condition  of  loading,  the  shear  Fat  the  crown  0  becomes  zero, 
and  the  locus  of  m  represents  a  line  of  thrust  for  the  imjsosed  loads. 

The  equation  of  moments  about  any  point  m  on  the  line  of  thrust  is 


■b)Xq  + 


a-p 


Hi/  =  0; 


which  gives 


in  which 


also 


b)  X  q  + 


a  P.     "] 


H 


,(26) 


pi 


^oq  +  ap  and  S  „,^^  =  2iq^^  =  A^ 


,(27) 


{b.)  Train  of  Concentrated  Live  Loads  and  Symmetrical  Dead  Load. 
1.  Case  of  loading  for  maximum  compression  in  the  intrados  for  any 
point  m  of  the  left  half  of  span.  Using  the  notation  given  under  {n)  and 
assuming  a  system  of  loads  as  in  Fig.  8,  extending  over  the  span  from 
D  to  the  load  divide  C,  the  following  equations  are  derived  in  the  man- 
ner already  indicated  for  (17)  and  (18).  The  same  case  of  loading  will 
also  give  the  minimum  stress  in  the  estrados  at  m. 


in  which 


[a  —  h)  ^0  q  ^  aV  -V  ^l  P  {-  +  a  —  d\ 

V  =  ^\_^~\p  d—^l  p  [l-  d)\ 


1 


\  ....(28) 


and 


H. 


f 


i'i'^hV 


2  IP d  +  ^i p 


{I  -  d)] 


also 


-S': 


1     ,,  — ' 


I 


^-^l^  =  -2     ^eP^+^ll-^ll^K'l'r-^     lPd{29) 
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sh 

sy 

c 

-^--dn 

It  will  be  seen  from  the  value  of  V  in  (28)  that  a  load  P  falling  ex- 
actly at  0  will  neither  increase  nor  decrease  the  value  of  V. 


EEEATUM. 


Transaclions,  Vol.  XL. 

Page  44,  last  line:  The  last  function  of  equation  (29)  should  read 

1       —i 
-^2     I  Pel 


I      e 

and 

H=j-^i^^^^lpi^-d) 

,(31) 


also 

S   =   2lq-\-2lq  —  B  +  2e    P    =   2%  q  -^   2e     p] 

1         I  \ 

_-is|P  (l-d)  J 

In  order  to  obtain  the  greatest  load  effects  in  this  and  the  j)revious 
cases,  the  heaviest  loads  should  be  placed  near  0  in  case  1,  and  at  G 
in  case  2. 

(c.)  Loading  as  Under  {a)  Combined  with  a  Concentrated  Live  Load  W. 

1.  Case  of  loading  for  maximum  compression  in  the  intrados  for 
any  point  m  of  the  left  half  of  span,  giving  also  the  minimum  stress 
in  the  extrados  at  m.     Since   a  single   concentrated  load   exerts  its 
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This  condition  of  loading  was  formerly  apjDlied  as  a  case  for  maxi- 
mum stresses  at  the  quarter  points;  but  as  is  readily  seen  from  the 
above,  this  assumption  gives  values  which  are  much  too  small. 

4.  Case  of  loading  for  maximum  values  of  H  and  S,  the  entire  span 
being  symmetrically  covered  with  uniformly  distributed  live  load. 
For  this  condition  of  loading,  the  shear  Fat  the  crown  0  becomes  zero, 
and  the  locus  of  in  represents  a  line  of  thrust  for  the  imposed  loads. 

The  equation  of  moments  about  any  point  in  on  the  line  of  thrust  is 


which  gives 


{a-b)2tq  +  '^-H^  =  0; 


{a  —  b)  2o  q  -{-  ^-; 


assuming  a  system  of  loads  as  in  Fig.  8,  extending  over  the  span  from 
D  to  the  load  divide  G,  the  following  equations  are  derived  in  the  man- 
ner already  indicated  for  (17)  and  (18).  The  same  case  of  loading  will 
also  give  the  minimum  stress  in  the  extrados  at  m. 


y  = 
in  which 


[a  —  h)  ^"'o  q  ^  aV  ^  ^l  P  (^  ^  a  -  d\ 


H 


and 


H 


ipd—2lP  il-d)'j 

{I  -  d)\ 


1 


[  ....(28) 


:s    IP  d  +  :eI  p 


also 

S  =  A-Jlq  =  l-2~lpd+^lq-^iq=^-q+^  S"!  p  ,/ (29) 
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It  will  be  seen  from  the  value  of  V  in  (28)  that  a  load  P  falling  ex- 
actly at  0  will  neither  increase  nor  decrease  the  value  of  V. 

2.  Case  of  loading  for  maximum  compression  in  the  extrados  for 
any  point  m  of  the  left  half  of  span.  The  same  loading  will  also  give 
the  minimum  stress  in  the  intrados  at  m.  The  loads  are  assumed  to 
cover  the  span  from  E  to  the  load  divide  C,  and  the  distances  d  are 
measured  as  before  from  the  abutment  at  D.  Notation  as  before, 
Fig.  8. 


{a  —  b)  So  q  —    a  V  + 


in  which 

and 

also 


H 


V=^S^  P{1 


d) 


C  (  I  ( 

f        o  '       2/     e       ^ 


d) 


(30) 


5    =    ^^  r?  +  2o  7  —  S  +  ^e    P    =    S'^o  ?   +    2e 


1         ' 

i  2^  P  (Z  -  rf)  J 


,(31) 


I 

In  order  to  obtain  the  greatest  load  effects  in  this  and  the  previous 
cases,  the  heaviest  loads  should  be  placed  near  0  in  case  1,  and  at  G 
in  case  2. 

(c.)  Loading  as  Under  {a)  Combined  with  a  Concentrated  Live  Load  W. 

1.  Case  of  loading  for  maximum  compression  in  the  intrados  for 

any  point  7n  of  the  left  half  of  span,  giving  also  the  minimum  stress 

in  the  extrados  at  m.     Since   a  single   concentrated  load   exerts  its 
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maximum  positive  influence  on  y  when  applied  just  to  the  right  of 
the  crown  0  (as  maybe  seen  from  equations  (28)  ),  the  load  W  will  be 
assumed  to  act  at  a  unit  distan  ce  to  the  right  of  0  for  any  point  m  of 
the  left  half  of  span.  Hence  equations  (17)  and  (18)  will  apply  here 
when  the  effect  of  IF  is  introduced  (see  Fig.  6). 

{a—b)2oq  +  a  F  +  ep  {^a  —  -| J 


.V  = 
in  which 

V  = 

and 


H 


(32) 


U4+-( 


2/ 


')] 


Also 


-=-»^+i^a+ov^a-o 


(33) 


2.  Case  of  loading  for  maximtim  comjaression  in  the  extrados  for 
any  jjoint  m  of  the  left  half  of  span,  producing  also  the  minimum 
stress  in  the  intrados  at  m.  Here  W  exerts  its  maximum  infltience 
on  7/  when  ai^plied  vertically  over  m,  and  equations  (19)  and  (20)  are 
modified  as  follows.     See,  also,  Fig.  7. 


{a  -b)^lq 


«  ^+-f  («■ 


1 


y 


H 


in  which 


(34) 


and 

f^o  ^  ^  2/  L2  V 
also 


S=^t  ,  +  ;.  («  _  e)  -i  [|(4   -  ey+  w{i  -  .)  ] 


(35) 


IV.— Conditions  of  Stress  on  a  Kadial  Section  of  an  Arch, 
(a)  The  Resultant.  Normal  Thrust  on  the  Section. — The  resultant  thrust 
R  at  any  point  m  of  a  linear  arch  A  0,  Fig.  9,  is  obtained  from  equation 
(7),  as  i?  =  V H^  +  -^'^  in  which  H  is  the  horizontal  thrust  and  5  the 
vertical  shear  for  this  point.  But  as  R  is  not  usually  normal  to  the 
radial  section  m  n,  it  will  have  components  perpendicular  to  and  par- 
allel with  this  section. 
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The  resaltant  R  is  resolved  into  iV  (the  normal  thrust)  and  T  (the 
tangential  thrust)  respectively  perpendicular  to  and  parallel  -with 
the  radial  section  m  n,  which  section  is  represented  by  the  radius 
vector  of  the  curve  A  0  at  the  point  m  and  makes  the  angle  ft  with  the 
vertical. 

The  values  of  iVand  7" in  terms  of  //and  S  are  now  found  without 
involving  R  in  the  result. 

The  forces  *?,  H,  R,  N  and  T  are  shown  ^ 

in  their  proper  relationship  in  Fig.  9, 
from  which  the  following  equations  are 
obtained: 

The  angle  am  d  :=  the  angle  a  b  (l^=  the 
angle  0  n  m  =  /?,  also 

ab  =  S,  and  bd=  T 
also 

ae  =^  cd  =  nb  sin  /5  =  S  sin  /i 


'^sd 


and 
hence 


and 


m  c  =  ma  cos  /3  ^  H cos  fS 
N  ^  m  d  =  m  c  -\-  c  d  -=  H  cos  ft  -{-  S  sin  ft . 


1/         1 

Fig.  9. 


(36) 

T  =:bd  =  be  — ed=  S  cos  ft  —  Hsin  ft (37) 

However,  the  tangential  force  7^  rarely  becomes  stifficiently  large 
to  require  any  consideration,  especially  when  an  arch  is  so  designed 
that  no  tensile  stresses  will  ever  occur,  thereby  confining  the  thrust 
E  to  the  middle  third  of  the  arch-ring  and  reducing  the  angle 
between  R  and  iV  to  a  very  small  quantity.  Also  the  high  factors  of 
safety  (6  to  10)  used  in  masonry  arches  would  not  warrant  the  con- 
sideration of  so  small  a  factor  as  T. 

{b)  The  Stresses  on  the  Section. — 1.  Analytical  Solution.  In  Fig.  10,  let 
A  B  =  D  represent  the  thickness  of  the  arch  on  a  radial  section  m  n; 
also  let  g  be  the  middle  point  of  A  B,  and  the  point  of  application  of 
the  resultant  thrust  JSI,  distant  w  from  g.  Kequired,  the  manner  in 
which  A  is  distributed  over  the  section  and  the  intensities  of  the  unit 
stresses  k\  and  A;.,  on  the  extreme  elements  of  the  arch-ring. 

If  i^^is  given  for  an  arch  of  unit  breadth  then  k^,  l\  and  A-^  will  be 
unit  stresses. 

For  iV  acting  in  g,  it  is  evident  that  the  stress  is  uniformly  dis- 

N 
tributed  over  A  B  and  k^  =  ki  =  k.^  —  -jj-     For  iV  acting  at  a  distance 
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w  to  the  right  of  g,  k^  will  be  less  than 
n     k^,  and  k,  will  be  greater  than  k^,  each 

by  an  amount/^  —y-  representing  the 

effect  of  the  moment  N  w. 
Therefore, 


ATi  =  k^ J-  and  k^ 


K  +  ^ 


,(38) 


in  which 


y  =~^,  1=  -—  =  -—  for  &  =  1  and  M  =  Nw  = 
By  stibstitnting  these  values  in  38  and  reducing 


w  Dk„ 


(39) 


The  line  m  d  n  represents   the  manner  of   distribution   of  stress 
produced  by  the  resultant  If  on  the  section  A  B. 

2.   Graphical  Solution.     Equations  (39)  may  be  written  thus,  k^  = 

-yr^  (  -^  —  w  )  and  k2  =  — ^  (  —  +  ^^  )  »  in  which  form  they  may  be 

represented  gra^jhically. 

In   Fig.    11,    draw   to   scale   of 

N 
forces  kg  =  —  at  g,  perpendicular  to 

A  B,  and  lay  oflf  distances  e  g  and 
bg^—  to  the  right  and  left  from  g.     m 

Draw    e  d    and    prolong    same    to     ^ 

intersect   N  in   h,    also   draw   d  b 

intersecting  N  in  i.      Then  will  i  t  Fig.  ll. 

=i  A  m  =  k^,  and  t  h  ^=  B  n  ^  k.^,  and  m  d  n  will  represent  the  law  of 

variation  of  stress  over  the  section  A  B. 

For  ki=^  k,j  —  r  =  tb  tan  ex  =  — r-"  t b  =  — r-^  (  —  —  lo) 

and  A:.,  =^  k^^  -{- r  =  e t  tan  a  =  — ~-  et  ^^  — t— ^  (  —  +  vo  )  . 

In  equations  (39)  when  w  =  0,  I-,  =  k. 


h 

11 

I    / 

/ 

-^l 

i^ 

•^ 

L 

T    - 
1 

^^w 

\ 

N 

f 

^ 

\ 

fcn 

1 



/ 

fco\ 
9  t 

i 

\ 

B 

1 
k-- 

D 
3 

-XXJ 

D 
3 

-*1 

D 

3         '^ 

D 


kg,  and  when  w  =  -^,  k^  = 


D 


0  and  ^2  =  2  k^.     When  ^^  >  -^  >  ^'i  becomes  negative  or  tensile.    Hence 
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to  avoid  tensile  stresses  on  any  section  A  B,  the  resultant  normal  thrust 
N  must  have  its  point  of  application  t  within  the  middle  third  e  6  of 
said  section. 

(c)  Thickness  of  Arch  Ring. — Given  the  direction,  amount  and  point 
of  application  of  the  normal  thrusts  N^  and  iVj,  obtained  from  the  load- 
ing for  maximum  compression  in  the  extrados  and  intrados  respectively, 
for  a  radial  section  A  B,  Fig.  12,  to  find  the  thickness  D  of  the  arch 
ring  which  must  be  provided  so  that  a  certain  assigned  unit  stress  k  on 
the  extreme  elements  of  the  ring  shall  never  be  exceeded. 

While  Ng  and  N^  can  never  occur 
simultaneously,  the  center  line  of  the 
arch  must  be  so  placed,  with  respect  to 
these  thrusts,  and   a  minimum  value  of  |t  i'  »•  -  (t-|  ^  jr. 

c 

D,    that   the   above   conditions   may  be  Jl 1 ■, 1 ^b 

complied  with. 

The  dimension  c  in  Fig.  12  is  obtained  Fig.  12. 

from  the  difference  between  maximum  and  minimum  y,  which  vertical 
difference  is  i^rojected  on  the  radial  section  ^  J5  by  multiplying  with 
cos  /i;  hence  c  =  /\  t/  cos  /5  is  a  known  quantity,  and  w  and  w'  are  to 
be  found,  likewise  D. 

The   values  kg  in   equations  (39)   for   the    two   thrusts  are 

N  '      iV- 

k^  =  —■  and  k    =  -j-^  and  from  the  figure  lo'  =  c  —  w.     These  values 

JJ  o  JJ 

substituted  in  the  second  equation  (39)  give  the  two  following  values 
of  h,  =  k,  the  given  allowable  compressive  stress: 


^i 

. c---> 

a; 

k 

'--W-  '-    ic~ 

LU 

« 

D 
2 

^a< 

D 

2 

---* 

k 


=  §(i+-)aoa.=  §(x  +  !L(^) 


These  equations  when  solved  for  D  and  lo  give  the    dimensions 
sought. 


i)  = 


^\^y^\^>^^l^{.>^)] 


k  JJ'       D 


6  7V. 


(40) 


(41) 


The  ordinate  of  the  arch  centerline  for  the    section   A  B  i^  also 
found  from  w,  and  the  ordinate  to  the  point  of  apislication  of  N^  which 
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may  be  called  ^/mur     Calling  the  ordinate  of  the  center  line  t/^.,  and  the 
inclination  oi  A  B  ^  /3  from  the  vertical, 


3/c  = 


cos  (3 


+  .V„ 


(42) 


The  values  of  ky  for  the  above  thrusts  and  dimensions  may  now  be 
found  from  the  first  of  equations  (39). 

{d)  Tensile  Stresses. — It  may  occur  that  after  having  found  D  from  (40) 
and  A*i  from  (39),  the  latter  value  may  be  negative  or  tensile.  Should 
this  tensile  stress  be  in  excess  of  the  allowable  stress  then  the  thick- 
ness D  must  be  further  increased,  or  if  the  material  of  the  arch  be 
concrete  the  excessive  tension  may  be  taken  up  by  the  insertion  of  wire 
netting  or  iron  rods.  The  method  of  computing  the  area  of  metal 
required  is  given  in  the  following: 

In  Fig.  13,  let  A  B  he  the  radial  arch  section  l\  a  tensile  stress  on 
the    extreme    element    at    A   and    A;_„ 
the  corresponding  compressive   stress 
at  B. 

ah  is  a  steel  wire  placed  at  a  dis- 
tance V  from  the  axis  of  the  arch.  Let 
a  be  the  area  of  the  steel  required  for 
an  arch  ring  of  unit  breadth  and  /  ^ 
the  allowable  unit  stress  for  steel.  fig.  13. 

The  total  tensile  stress  on  the  arch  ring  (for  unit  breadth)  will  be 


represented  by  the  area  A  m  e 


k,  z 


From  the  similar  triangles  A  m  e  and  B  e  n 


=  r-i-,  or2;=  -rr — 77 

fC'-}  fCi  "7~  A^'.j 


;  making  u'  = 


k^-D 


(43) 


U  —  z      k.y'"'~      A;, -f  ^2'  "''"^"^    "'  2(^1+^:2) 

The  point  of  application  of  u'  is  the  center  of  gravity  of  the  triangle 

Hence  the  mo- 


D  z 

Am  e  which  is  distant  from  g  by  an  amount  —  —  -^ 


ment  oi  u' ahont  g  is  M  ^=  u'   (— ~)   which,    when   taken   up   by 

the  steel  rod,  produces  therein  the  force 


(44 
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But  a  =   — ;  lience  from  (43)  and  (H)  the  value  of  a  is  found  as 


a  = 


3  [k,  +  k.^y (4 

2  /  V  {k,  +  k.,) 

In  equation  (45)  A-^  is  tensile  stress  and  k.2  is  compressive  stress, 
and  both  enter  into  the  equation  without  regard  to  sign  of  stress. 

V. — Deformations  of  the  Arch  Ring. 

(a)  General  Considerations;  Changes  in  Length  of  (lie  Arch  Ring. — An 
arch  ring,  when  under  the  influence  of  stress  and  changes  in  tempera- 
ture, is  subject  to  elastic  deformations.  The  compressibility  of  ma- 
soni'V  by  stress  and  the  shrinkage  caused  by  the  setting  process  of 
mortar  and  concrete,  bring  aboiit  a  jjermanent  shortening  in  the  arch 
ring  during  construction  and  test  loading. 

The  resultant  effect  of  these  several  shortenings  and  temperature 
changes  produces  a  deformation  of  the  arch  ring  which  must  be  pro- 
vided for  in  the  construction,  to  prevent  a  deflection  below  the  normal, 
which,  if  it  occurred,  would  matei-ially  increase  the  horizontal  thrust 
on  the  abutments.  This  superelevation,  which  must  be  given  to  the 
arch  ring  in  order  that  it  may  attain  its  proper  rise  when  completed, 
is  called  camber. 

Besides  the  above  deformation,  which  is  partly  elastic  and  partly 
permanent,  provision  must  also  be  made  for  the  settlement  in  the 
falsework  caused  by  the  weight  of  the  arch  ring  up  to  the  time  of 
closing,  when  the  latter  becomes  self-sustaining.  This  part  of  the 
problem  is  here  omitted  as  dej^ending  entirely  on  the  nature  of  the 
falsework  and  local  building  conditions. 

The  change  in  length  of  the  arch  ring  resulting  from  sti-ess,  tem- 
perature, compressibility  of  material  and  shrinkage  of  masonry  will 
now  be  found. 

The  normal  arch  thrust  N  may  be  found,  for  any  combination  of 
dead  and  live  loads,  from  the  preceding  equations,  and  this  thrust 
increases  from  the  crown  toward  the  haunches.  The  cross-section  of 
the  arch  ring  is  also  a  variable  quantity.  Hence  it  is  necessary  to 
divide  the  arch  ring  into  sections  over  which  the  cross-section  and 
normal  thrust  may  be  considered  constant.  The  sum  of  the  incre- 
ments of  change  of  these  sections  gives  the  change  in  length  of  the 
arch  rinir. 
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Let     L  =  length  of  a  section  of  arch,  over  which  the  area  and  thrust 
are  assumed  constant. 
/\L  =  increase  in  the  length  L for  any  assigned  reasons.     Decrease 

is  negative. 

I 
d  =  •2'  5  /\  L  =:  sum  of  the  changes  /\  L  from  the  crown  to  the 

abutment. 

iV=  normal  thrust  acting  through  the  length  L. 

F  =  average  cross-section  of  the  section  of  length  L. 

E  =  modulus  of  elasticity  of  the  material  for  the  working  stress 

F' 
E'  ^  modulus  of  permanent  set  of  the  material  for  the  working 

stress  -=r 
F 

t    =  a  rise,  and  —  ^^  a  fall,  in  temperature,  in  degrees  Centigrade. 
(X  =  coeflBcient  of  expansion  for  1°  Centigrade. 
£    =  coefficient  of  shrinkage  from  setting  of  mortar  or  concrete 
in  air. 

AT  NL         NL  ^     ,         ^  ^ 

then  ^L  =  —  -^^  —  -^^  —  e  L  +    (x  t  L 

=-^G+4')-^0-«') («) 

and    «  =  _(^+±..)   s|^-(^-«,)   SJi (47) 

The   elastic   change   in   length    of    an    ai'ch   ring   in   a  completed 

structure  no  longer  subject  to  increased  permanent  set  is 

1         I  N  L  <■ 

5'  = ^2^lL±+ot/2^    L (48) 

F       o    F  ° 

{b)  Deformation;  Analytical  Solution. — To  find  the  deflection  at  the 

crown  of  an  arch  ring,  which  latter  has  shortened  an  amount  5,  as 

found  from  (47)  or  (48). 

8 


.c     ^< 


// 


c, 


^^ 1 U 1 -~^B 

Fig.  14. 
liet  C,  Fig.  14,  be  the  chord  from  crown  to  abutment,  correspond- 
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ing  to  the  half  span  -^  and  rise/;  Ci  =  the  length  of  this  chord  after 

the  half  arch  ring  has  shortened  an  amount  5  and  the  rise  has  dimin- 

l 
ished  to/\   the  span  remaining  unchanged;   also,  n  =  2  J  L  =  the 

length  of  the  center  line  of  the  arch  ring  between  the  crown  and 
the  abutment. 

Q 

A  shortening  S  in  the  length  7i  will  produce  a  shortening S  in 

the  chord  C,  making  C\  =  C <5. 

u 

From  the  figure  0=  .1/^  +  ("o"  )  '  ""'l^i<^^'  substituted  in  the  pre- 
vious equation,  gives    Cj  =   (  1 )  Ni  -^ '  "^     \~2~/     ^^^^ 

and  ^/=/_/i=/_^Ci^_(^)' (50) 

The  value  /\  /,  which  represents  the  deflection  at  the  crown,  may- 
then  be  found  from  equations  (49)  and  (50). 

G 
While  the  value  —  d  is  not  exactly  correct,  vet  the  approxima- 

n 

tion  is  so  close  that  the  resulting  equations  give  values  entirely 
within  the  knowable  accuracy  even  for  long  spans. 

As  will  be  noticed,  this  solution  applies  to  arches  of  any  shape  not 
necessarily  circular,  but  is  most  accurate  for  circular  arches. 

(c)  Deformation;  Ornphical  Solution. — The  general  case  for  any  con- 
dition of  unsymmetrical  loading  and  disialacements  of  abutments  can 
best  be  solved  by  the  grajshical  method.*  Only  the  application  of  the 
method  is  here  given,  without  repetition  of  its  derivation,  for  which 
see  above-named  article. 

In  Fig.  Iba,  let  A  0  B  represent  the  line  of  thrust  of  a  three-hinged 
arch  for  any  particular  case  of  loading;  i^,  L,,  L^,  etc.,  the  sections 
into  which  the  arch  is  divided;  and  —  /\1,  —  A2,  —  A^,  etc.,  the  con- 
tractions in  the  lengths  L^,  L,,  L,^,  etc.,  respectively,  caused  from  any 
combination  of  conditions,  as  stress,  shrinkage  of  masonry,  tempera- 
ture, etc. 

*  See  article  "  Distortion  of  a  Framed  Structure,"  by  David  Molitor,  in  Journal  of 
the  Association  of  Engineering  Societies,  Vol.  xiii,  p.  310. 
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In  Fig.  15  b,  draw  in  succession,  from  any  point  A',  the  contractions 
—  A^l,  — /\2,  — /\S,  etc.,  respectively,  parallel  to  the  elements  L^, 
L.„  L,,  etc. ,  of  Fig.  15  a,  and  in  the  direction  in  which  these  contrac- 
tions act  relatively  to  the  fixed  point  A.  In  the  example,  the  /\'s  being 
negative,  the  elements  of  the  arch,  Fig.  15  a,  all  move  toward  A,  and 
hence  the  quantities  —  /\1,  —  /\2,  —  /\3,  etc.,  are  applied  downward 
from  ^'.  The  broken  line  J'  0' then  represents  the  motion  of  the 
point  0  relatively  to  the  i3oint  A,  assuming  that  the  arch  elements 
move  parallel  to  themselves.  In  like  manner,  the  broken  line  0'  B', 
Fig.  15  c,  represents  the  motion  of  the  jjoint  0  relatively  to  the  point  JJ. 

However,  the  elements  of  the  arch  do  not  move  j^arallel  to  them- 
selves, but  the  half  arch  A  0  revolves  about  A  and  the  half  arch  0  B 
revolves  about  B  until  the  point  0,  common  to  both  halves,  attains  its 
new  position.  This  revolution  is  performed  by  a  second  operation  as 
follows : 

In  Fig.  15  b,  draw  A'  0"  perpendicular  to  A  0  and  through  ^4';  also 
through  O'draw  0' r  perpendicular  to  .4'  0" ,  and  in  Fig.  15c,  through 
B'  draw  B'  0"  perpendicular  to  B  0,  and  through  0'  draw  0'  s  per- 
pendicular to  B'  0".  Now  transfer  0'  s  from  Fig.  15  c  to  Fig.  15  b, 
parallel  and  equal  to  itself,  and  in  Fig.  15  b  draw  s  0"  perpendicular 
to  0'  s,  and  0"  0'  will  represent  the  direction  and  amount  of  the  dis- 
placement of  the  point  0.  Also  transfer  0'  r  from  Fig.  15  b  to  Fig.  15c, 
and  in  Fig.  15  c  draw  r  0"  perpendicular  to  0'  r,  and  0"  0'  will  check 
in  direction  and  amount  the  value  0"  0'  found  in  Fig.  15  Z*. 

To  find  the  displacements  of  the  individual  points  1,  2,  3,  etc., 
draw  a  broken  line  A',  1",  2",  3",  4",  0"  with  its  elements  proportional 
and  respectively  perpendicular  to  the  elements  A,  1,  2,  3,  4,  0.  The 
lines  1"  1',  2"  2',  etc.,  will  represent  the  true  displacements  of  the 
the  points  1,  2,  etc.,  respectively.  The  same  construction  applied  to 
Fig.  15  c  gives  the  displacements  of  the  points  of  the  half  arch  0  B. 

When  the  abutments  are  displaced  by  amounts  —  /n  ^  and  —  ^B. 
respectively,  these  disjjlacements  are  embodied  in  the  diagrams  of 
Figs.  15,  b  and  c,  as  indicated  by  the  dotted  construction,  and  the  dis- 
placements are  then  measured  from  the  dotted  broken  lines  0{',  A-^', 
and  Oj",  B\,  resjiectively,  to  the  broken  lines  0'  A'  and  0'  B'. 

For  symmetrical  loading,  where  the  displacements  in  the  half  arch 
A  0  are  exactly  equal  to  those  in  the  half  arch  B  0,  the  line  of  thrust 
is  symmetrical,  and  the  deflection  at  the  crown  0  must  be  vertical. 
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1      I;5_J^__i6__^e 


(a) 


-~^^  ?i  ,^ 


Fig.  15. 
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This  extra  condition  makes  it  possible  to  dispense  with  one  of  the 
diagrams,  and  the  solution  becomes  as  shown  in  Fig.  15  d.  The  point 
0"  is  then  the  intersection  of  ^'  0"  perpendicular  to  J.  0,  and  the 
vertical  0'  0"  throiagh  0'.  This  vertical  becomes  the  deflection  at 
the  crown. 

It  should  be  noticed  in  the  solution  Figs.  15,  that  Fig.  15  a  is 
drawn  to  a  small  scale,  while  the  displacement  diagrams  b,  c  and  d  are 
drawn  to  natural  scale.  For  small  contractions  these  diagrams  may 
be  drawn  to  a  scale  of  10  to  100  times  the  natural. 

{d)  Values  of  e,  ac,  E  and  E'  in  Equatio7is  {46)  to  {48).  While  it  is 
always  best  to  make  accurate  determinations  of  the  above  values  for 
the  material  to  be  used  in  any  particular  structure,  especially  when 
close  agreement  is  desired,  yet  a  brief  summary  of  the  meagre  data  on 
this  subject  may  be  useful  as  furnishing  values  for  preliminary  com- 
putations. * 

Values  of  £  for  German  Portland  cement  mortars,  sixteen  weeks 

old.f 

Mortar  mixed  1  part  cement  to  0  part  sand..£  —  0.0012  to  0.0034 

"  1         "  3  "         ..£  =  0.0008  "  0.0015 

"  1         "  5  "         ..£  =  0.0008  "  0.0014 

Values  of  a  for  one  degree  of  temperature  (Centigrade). 

Cement  mortar  (Bruniceau) a  =  0.00001      to  0.000014 

Portland  cement  concrete  1:  2|:  5  (Bausch- 

inger) a  =  0.0000088 

Stone  and  brick  (Bruniceau) a  =  0.0000053  to  0.0000083 

Regarding  the  values  of  E  and  E'  it  will  be  necessary  to  recite 
briefly  the  results  of  the  interesting  set  of  experiments  made  in  1894 
by  Professor  C.  Bach,  of  Stuttgart,  which  are  of  vital  importance  to 
the  subject  here  treated. 

These  experiments  showed  that  any  concrete  when  subjected  to 
stress  would  undergo  a  permanent  set  and  an  elastic  deformation,  the 
magnitudes  of  which  become  constant  after  several  rejaetitions  of  the 
same  stress.  The  number  of  repetitions  necessary  to  produce  con- 
stant deformations  appeared  to  be  a  function  of  the  breaking  strength 
of  the  concrete,  and  of  the  intensity  of  the  applied  stress.  The  greater 
the  ultimate  strength,  the  less  repetitions  were  required;  and  the 
greater  the  applied  stress,  the  gi-eater  the  number  of  repetitions. 

*  See  article  by  David  Molitor  on  "Properties  of  Concrete  under  Compressive 
Stress,"  Jour.  Assoc.  Eng.  Soc,  May,  1898. 

t  See  report  of  Committee  on  Compressive  Strength  of  Cements,  etc.  Transactions 
Am.  Soc.  C.  E.,  Vol.  XV,  p.  717. 
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However,  for  each  kind  of  concrete  a  maximum  stress  was  reached 
(about  0.7  of  breaking  stress)  for  Avhich  seven  to  eight  repetitions 
would  still  continue  to  increase  the  deformations.  Presumably  more 
repetitions  would  have  restored  constancy,  but  this  point  may  be 
regarded  as  a  natural  limit  of  allowable  stress,  though  there  does  not 
appear  to  be  a  definite  limit  of  elasticity. 

The  tests  were  made  on  cylindrical  samples  of  concrete,  1  m. 
long  and  25  cm.  in  diameter,  mixed  1  part  Portland  cement  to  2i 
parts  sand  to  5  parts  broken  limestone,  and  1  part  cement  to  3  sand 
to  6  stone,  age  two  to  three  months.  The  breaking  strength  was  in 
every  case  determined  from  the  cylindrical  samples.  The  strength  of 
the  same  concrete  developed  by  cubic  samples  would  have  been  about 
one  and  one-half  times  the  strength  obtained  from  the  long  cylinders. 

The  following  tables  give  values  of  E  and  E'  for  various  values  of 
ultimate  strength  and  applied  loads.  These  values  are  given  in  metric 
atmospheres. 

Values  of  E  in  Thousands   (Three  cijihers  should  be  added  to 
tabulated  values). 


Ultimate  Strength  in 
Atmospheres. 

Applied  Loads  in  Atmospheres,  or 

Kgr.  Per  Sq.  Cm. 

Found  from 
cylinders. 

Estimated 
for  cubes. 

8 

10 

15 

20 

25 

30 

35 

40 

60 

90 

228 

223 

214 

204 

193 

181 

171 

163 

80 

120 

262 

258 

246 

234 

222 

210 

200 

191 

100 

150 

296 

290 

378 

266 

255 

244 

235 

224 

120 

180 

320 

314 

298 

286 

276 

267 

2.57 

247 

140 

210 

340 

333 

317 

303 

291 

280 

270 

260 

Values  or  E'  in  Thousands  (Three   ciphers  should  be  added  to 
tabulated  values). 


Ultimate  Strength  in 
Atmospheres. 

Applied  Loads  in  Atmospheres,  or  Kgr.  Per  Sq.  Cm. 

Found  from 
cylinders. 

Estimated 
for  cubes. 

8 

10 

15             20 

25 

30 

35 

40 

60 
80 
100 
120 
140 

90 
120 
150 
180 
210 

1  230 

1  800 

2  500 

3  400 

4  400 

1  180 

1  710 

2  400 

3  210 

4  190 

1  030 

1  500 

2  100 

2  800 

3  600 

910 
1  320 

1  880 

2  500 

3  160 

810 
1  180 

1  680 

2  220 
2  780 

720 
1  020 

1  460 

2  010 
2  500 

630 

870 

1  300 

1  820 

2  280 

545 

755 

1  160 

1  650 

2  100 

The  important  conclusions  arrived  at  by  Tourtay,*  regarding  com- 
pressive properties  of  masonry,  are  here  given. 

*  Annales  des  Fonts  et  Chaussees,  1885,  ii,  p.  15. 
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1.  The  ultimate  strength,  of  small  cubes  of  cement  mortar  is  con- 
siderably less  than  the  compressive  strength  of  blocks  of  masonry 
made  with  the  same  mortar. 

2.  The  pressure  which  crushes  the  masonry  is  an  inverse  function 
of  the  thickness  of  the  mortar  joint. 

3.  Stone  jalates  laid  loosely  upon  each  other  have  a  much  smaller 
compressive  strength  than  solid  cubes. 

4.  The  same  stone  plates,  when  cemented  together  with  neat 
cement  grout,  possess  the  same  compressive  strength  as  do  solid 
stone  samples. 

PKACTicAii  Applications. 

Solution  of  a  Problem. 

(a)  Introductory. — To  illustrate  more  clearly  the  method  of  arch  con- 
struction as  proj^osed  in  the  foregoing,  a  problem  is  solved  in  suflScient 
detail  to  bring  out  the  practical  applications  of  the  theory. 

In  designing  metal  bridges,  the  dead  load  is  generally  known,  the 
more  accurate  for  the  forms  most  in  use.  This  is  not  the  case  with 
masonry  arches  for  reasons  of  insufficient  experimental  data.  Also, 
a  steel  arch  may  be  designed  with  any  rational  center  line  because 
tensile  stresses  can  be  provided  for,  while  in  masonry  only  compressive 
stresses  are  safely  permissible;  therefore,  the  shape  of  a  masonry  arch 
is  of  necessity  a  function  of  its  loading. 

However,  with  the  dead  load  known,  the  three-hinged  masonry 
arch  can  be  analysed  and  dimensioned  with  the  same  degree  of  ac- 
curacy, consistent  with  the  nature  of  the  material,  as  is  possible  in 
steel.  But,  as  the  dead  load  can  be  obtained  in  no  other  way  than  by 
computation  from  assumed  dimensions,  the  solution  must  be  reached 
by  successive  api^roximations  of  dimensions  until  the  loading  result- 
ing therefrom  produces  stresses  in  the  arch  which  are  not  in  excess 
of  the  allowable  unit  stresses.  Much  depends  on  the  experience  of 
the  designer  as  to  the  rapidity  and  directness  with  which  a  solution 
may  be  obtained. 

The  method  which  it  is  believed  will  lead  to  a  solution  with  a 
minimum  of  useless  computation  is  illustrated  in  the  following 
problem. 

[b)  Statement  of  the  Problem. — Design  a  three-hinged  concrete  arch 
of  72-m.   span  between  pin  centers,  rise,  10  m. ,  width  of  driveway, 
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8  m.,  and  footwalks  2  m.  wide,  on  each  side  of  tlie  driveway.  The 
l^rofile  of  the  site  is  given,  and  the  abutments  are  to  be  founded  on 
hard  clay.  The  bridge  is  to  cai'ry  an  electric  motor  car  weighing 
20  000  kgr.  (44  000  lbs.)  on  a  track  of  1.43  m.  (4-ft.  8i-in.)  gauge,  and  a 
uniformly  distributed  live  load  of  400  kgr.  per  m.'  (82  lbs.  jser  square 
foot). 

The  maximum  allowable  working  stresses  are  40  atm.*  (568.8  lbs. 
per  square  inch)  in  compression,  and  2  atm.  (28.4  lbs.  per  square  inch) 
in  tension,  for  concrete  composed  of  1  part  Portland  cement  to  2  parts 
sand  to  3  parts  crushed  limestone.  This  concrete  must  attain  the  fol- 
lowing compressive  strengths  on  20-cm.  cubes:  220  atm.  in  28  days, 
350  atm.  in  6  months,  and  500  atm.  in  2  years.  The  tensile  strength 
of  mortar  composed  of  1  part  cement  to  3  parts  sand  must  be  at  least 
20  atm.  in  28  days. 

(c)  Outline  of  the  Method.  (See  Plates  I  and  II) — In  this  as  in 
all  bridge  designs,  the  details  of  the  I'oadway  and  its  supports  on  the 
arch  ring  are  first  designed.  By  so  doing  the  dead  loads  may  be  com- 
puted, involving  the  weight  of  the  arch  ring  as  the  only  variable  sub- 
ject to  correction. 

A  diagram  of  the  half  span  (see  dimension  diagram,  Plate  II)  is 
then  i3repared  and  the  roadway  and  its  supporting  columns  drawn,  to 
which  is  fitted  an  arch  ring  of  seeming  good  proportions  for  the  given 
span  and  rise.  Herein,  the  experience  of  the  designer  is  practically 
his  only  guide,  but  reference  to  a  completed  design  or  a  solution  once 
made  will  assist  wonderfully  in  making  close  approximations.  It  will 
be  seen  from  the  side  elevation,  Plate  I,  that  the  center  line  (a 
three-center  curve)  is  almost  a  complete  circular  arc,  slightly  flattened 
at  the  crown. 

The  concentrated  dead  loads,  g,  are  now  computed  by  using  the 
dimensions  scaled  from  the  preliminary  diagram.  These  values, 
together  with  values  of  a,  r  and  e,  are  tabulated  together  with  com- 
puted values  of  q  r  (see  Table  No.  1). 

Then  assuming  the  maximum  case  of  loading  over  the  entire  span, 
compute  S^^^J.  from  equation  (27),  H^^ax  fi'om  equation  (26)  and  N^ax 
=  ^„,ax  cos  ft  -\-  S^a^  sin  ft,  from  which  may  be  found  the  required 

thickness  of  arch  ring  at  the  crown  Dg=      "i"^  and  at  the  abutments 

K 

*  Stresses  and  pressures  will  be  given  throughout  this  problem  in  metric  atmos- 
pheres equal  to  1  kgr.  per  cm.^  (14.22  lbs.  per  square  inch). 
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Da=    Db 


N, 


max 


If  it  aiipears  that  the  assumed  dimensions   differ 


widely  from  those  computed,  it  is  well  to  make  a  second  approxima- 
tion before  proceeding  further  with  the  solution,  though  no  correct  idea 
can  yet  be  formed  of  the  reqiiired  arch  thickness  at  the  quarter 
points.  The  arch  thicknesses,  at  the  crown  and  springing,  should  be 
chosen  about  \0%  greater  than  found  by  computation,  since  these  sec- 
tions will  be  adjacent  to  the  hinges  and  some  allowance  must  be 
made  for  unequal  distribution  of  pressure  due  to  friction  in  the 
hinged  bearings. 

When  the  solution  appears  satisfactory  to  this  stage,  the  assumed 
arch  ring  should  be  tested  at  two  or  three  points  between  the  crown 
and  springing.  The  maximum  thickness  of  the  arch  ring  will  occur  at 
a  distance  of  about  0.3  /  from  the  crown.     This  and  two  other  sections, 

distant  about  0.15  /  and  0.4  Z 


from  the  crown,  should  be 
dimensioned,  after  which  it 
will  usually  be  possible  to 
proceed  to  the  final  design  and 
computation,  unless  the  agree- 
ment with  the  preliminary  de- 
sign was  not  sufficiently  close, 
in  which  case  the  process 
should  be  repeated  by  approxi- 
mating a  new  arch  ring,  using 


Horizontal  through  crown  pin. 


Fig.  16. 

the  dimensions  last  obtained.  In  this  latter  case  some  allowance  should 
be  made  for  the  jjrobable  eifect  of  the  new  dead  loads.  The  larger  the 
ratio  between  dead  and  live  loads,  the  less  will  be  the  divergence  /\  y 
of  maximum  and  minimum  thrusts,  though  an  increase  in  dead  loads 
will  also  increase  the  resultant  normal  thrust  N,  on  any  section. 

The  method  of  dimensioning  just  referred  to  consists  in  computing 
maximum  and  minimum  y^s  and  the  corresponding  fl's  for  each  of  the 
three  points,  using  in  the  present  problem  equations  (32)  and  (34). 
The  differences  of  the  y's  give  the  /\  y's  in  Fig.  16.  Then,  finding  S 
from  equations  (33)  and  (35)  for  each  of  the  three  points,  compute  N^ 
and  iVj  from  equation  (.36).  From  equations  (40),  (41)  and  (42)  the 
values  D,  w  and  y^,  respectively,  may  be  found.  The  value  of  c  in 
equation  (40)  is  equal  to  /\y  cos  /S,  as  may  also  be  seen  in  Fig.  16. 
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All  the  factors  for  five  points,  including  crown  and  springing,  being 
now  fully  determined,  the  intermediate  values  can  easily  be  inter- 
polated in  making  the  final  dimension  diagram. 

The  new  diagram  is  now  accurately  drawn,  and  the  design  carefully 
computed,  in  the  manner  just  outlined  for  the  three  test  points,  by  ap- 
plication of  the  method  to  as  many  points  as  may  be  deemed  necessary 
or  desirable  to  fully  determine  the  dimensions  and  stresses  through- 
out the  arch. 

There  is  still  one  other  point  which  is  interesting  to  know  and  is 
illustrated  in  the  final  computation.  The  center  line  of  the  arch  ring 
and  the  line  of  thrust  for  the  case  of  one-half  the  uniformly  distributed 

live  load  or  ~-  acting  over  the  entire  span,  are  so  nearly  alike  that  no 

appreciable  error  would  be  introdiiced  by  accepting  this  line  of  thrust 
for  the  center  line. 

The  above  outline  of  the  method  to  be  followed  is  now  api3lied  to 
the  i^roblem  in  hand.  In  the  following  computations,  the  arch  ring  is 
assumed  1  m.  wide,  and  the  live  load  thus  becomes  400  kgr.  per  meter, 
combined  with  a  concentrated  live  load  of  TF"  =  10  000  kgr. 

((/.)  Design  of  the  Roadway. — From  aesthetic  considerations  and  for 
economic  reasons,  the  roadway  is  designed  to  the  parabolic  curve 
whose  equation  is  — y  =  0.001  .r',  making  the  same  1.3  m.  higher  at 
the  crown  than  at  the  abutments  (see  Plate  I). 

The  roadway  is  made  up  of  concrete  floor  arches  of  2.4  m.  sj^an, 
carried  by  small  concrete  piers  resting  on  the  arch  ring.  The  cross- 
section  of  the  driveway  is  the  arc  of  a  circle  having  a  middle  ordinate 
of  0.12  m.,  and  is  covered  with  6  cm.  of  asphalt  composition.  The 
footwalks  are  sloped  toward  the  bridge  axis  with  a  sloj)e  of  1  :  100, 
and  are  finished  in  cement  mortar.  The  car  track  is  placed  in  the 
center  of  the  driveway  and  hard  paving  brick  laid  adjacent  to  the 
rails. 

The  horizontal  thrust  of  the  floor  arches  is  taken  up  by  steel 
rods  2.5  cm.  in  diameter,  and  spaced  17  cm.  apart  under  the  driveway 
and  75  cm.  under  the  footwalks.  Expansion  joints  are  provided  in 
the  roadway  at  the  crown  and  at  the  abutments,  all  as  shown  on 
Plate  II.  Drainage  of  the  roadway  is  provided  by  cast-iron  pijies 
placed  in  the  first  piers  adjacent  to  the  abutments,  one  for  each 
gutter. 
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In  accordance  with  this  design  the  weight  of  the  floor,  complete,  to 
the  springing  of  the  arches  and  between  the  pier  centers,  is  estimated 
as  follows: 

Concrete  for  arch  and    portion  of  pier  to  springing, 

0.57  m.^  at  2  300  kgr 1  311  kgr. 

Six  steel  rods,  2.5  cm.  diam.,  3  m.  long 71     " 

Kails  and  I-beam 105     " 

Six  cm.  asphalt  comjiosition  at  2  200  kgr.  per  m.^.  . .       396     " 

Total  weight  to  be  carried  by  one  pier 1  883  kgT. 

The  round  number  1  900  kgr.  was  used. 

The  floor  arches  are  designed  to  carry  10  000  kgr.  evenly  distributed 
over  the  half  span  (unsymmetrical  load  q  +  P,  diagram  Plate  II), 
and  the  center  line  corresponds  to  the  line  of  thrust  following  from 

10  000  kgr.  distributed  over  the  entire  span   (loads  q  -\-  -^).     The 

lines  of  thrust  for  these  loads  are  drawn  for  arch  horizontal,  also  for 
the  inclined  position  between  piers  7  and  8.  The  maximum  horizontal 
thrust  is  9  m.^  of  concrete  or  20  700  kgr.  for  an  arch  1  m.  wide.  The 
maximum  compression  at  the  crown  is  17  atm.  and  at  the  haunches 
and  quarter  points  it  is  36.8  atm.     No  tension  occurs  anywhere. 

The  longitudinal  section  investigated  is  at  the  curb  of  the  drive- 
way where  the  minimum  thickness  of  arch  (15  cm.)  is  jjossible.  How- 
ever, this  portion  of  the  roadway,  according  to  the  above  comj^uta- 
tion,  is  amjily  strong  to  carry  a  20-ton  road  roller.  As  a  result  of  the 
crowning  of  the  roadway  the  floor  arches  attain  a  thickness  of  27  cm. 
in  the  axis  of  the  bridge. 

(e)  Design  of  the  Arch  Ring. — A  preliminary  diagram  similar  to  that 
shown  on  Plate  II,  is  now  drawn  and  the  dead  loads  q  are  com- 
puted and  tabulated,  together  with  values  of  o,  e,  r  and  /i,  as  far  as 
these  may  be  necessary  for  the  points  3,  6  and  10  in  the  present  problem. 

The  points  4,  7  and  10  would  have  been  somewhat  better,  but  those 
chosen  are  quite  suitable  for  good  interpolations  of  intermediate  values. 

The  preliminary  investigation  for  the  crown,  the  points  3,  6  and 
10,  and  the  springing,  is  given  in  Table  No.  1,  the  results  of  which  in- 
dicate fully  to  what  extent  the  assumed  design  was  in  error. 

In  the  preliminary  diagram  certain  values  of  D  and  ?/,.  were  as- 
sumed. These  are  tabulated,  together  with  the  results  from  Table 
No.  1. 
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Preliminary  Values. 

Computed  Values. 

D 

Vc 

D 

yc 

0 

m. 

0.82 
1.40 
1.63 
1.40 
1.00 

m. 

0 

0.38 

1.90 

6.30 

10.00 

m. 
0.880 
1.436 
1.660 
1.500 
1.060 

m. 

0 

3 

0  423 

6 

1  964 

ID 

6.394 

12 

10  000 

X  #=--'- 


-J-l 


From  this  comparison,  which  shows  a  remarkably  close  first  approx- 
imation of  shape  and  thickness  of  arch  ring,  it  will  he  seen  that  it  is 
now  perfectly  safe  to  proceed  to  the  final  design  and  the  detailed  com- 
putation thereof.  This  could  have  been  done  even  with  a  less  satis- 
factory coincidence  in  the  above  values  of  D  and  y^. 

From  the  values  of  D  and  y,.  just  found  in  Table  No.  1,  the  inter- 
mediate values  must  now  be  interpolatetl,  preparatory  to  constructing 
the  final  dimension  diagram  on  Plate  II. 

To  find  the  arch  center  line,  plot  the 
five  points,  whose  co-ordinates  a  and  y^ 
are  now  known,  and  connect  them  by  cir-  ■  ; 
cular  arcs  using  the  method  indicated  in  f\  /  / 
Fig.  17.  Connect  the  plotted  points  by  \i/ / 
straight  lines  forming  the  jJolygon  0  —  3 
—  6  — 10  — 12.  Then  inscribe  in  any  circle 
with  convenient  center  x  on  the  vertical, 
through  0,  a  polygon  0'  —  3'  —  6'  —  10'  — 
12',  having  its  sides  respectively  jjarallel 
to  those  of  the  foregoing  polygon.  The 
radii  X  —  3',  X  — 6',  etc.,  will  be  parallel 
to  the  required  radii  X3 —  3,  x^  —  6,  etc., 
and  the  latter,  when  drawn,  will  intersect 
in  the  centers  X3,  Xg,  Xj,,  and  Xi-,  of  the  arcs  sought.  Usually  a 
three-center  curve  will  be  found  to  fit  an  arch  of  this  type,  as  was  done 
in  the  23resent  example  (see  Plate  II). 

To  interpolate  values  of  D  betAveen  those  already  found,  plot  the 
found  values  as  ordinates  with  the  corresponding  values  of  a  as  in 
Fig.  18,  choosing  a  vertical  scale  about  twenty  times  the  horizontal. 
By  joining  these  points  with  the  use  of  an  irregular  curved  ruler,  and 
noting  that  maximum  D  should  occur  at  0.3  /  from  the  crown,  or  at 


tx. 


Fig.  V, 
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about  point  7,  the  intermediate  values  of  D  may  then  be  scaled  from 
the  diagram  with  considerable  accuracy. 

The  diagram,  Plate  II,  can  now  be  drawn,  and  all  necessary 
dimensions  for  the  final  computation  are  then  scaled  therefrom.  Any 
elight  differences  that  may  be  found  between  these  scaled  dimensions 
and  the  final  computed  arch  dimensions  will  be  too  small  to  warrant 
a  reconsideration,  especially  as  the  knowable  accuracy  with  which 
the  dead  loads  can  be  determined  is  far  less  than  any  differences 
still  to  be  expected  at  this  stage  of  the  sohition.  The  final  drawings 
should,  of  course,  be  constructed  with  the  use  of  the  dimensions  re- 
sulting from  the  final  computation. 

The  final  computation  is  carried  out  in  complete  detail  in  Tables 

Nos.  2,  3,  4  and  5,  and 
all  the  steps  in  the 
solution  of  the  formu- 
las used  are  readily 
traced  without  any  fur- 
ther description.  The 
weights  q  ai'C  based  on 
an  assumed  weight  of 
the  concrete  of  2  300 
kgr.  per  cubic  meter. 

Table  No.  2  gives 
the  general  data  rela- 
tive to  dead  loads,  and 
the  computation  of 
the  line  of  thrust  for  a  live  load  of  200  kgr.  per  square  meter  over  the 
entire  span.  This  case  of  loading  should  give  a  line  of  thrust  corre- 
sponding with  the  center  line  of  the  arch  ring. 

Table  No.  3  gives  the  comjDutation  for  the  vahies  of  maximum  y, 
being  the  result  of  loading  which  produces  the  maximum  compres- 
sion in  the  inti-ados,  and  the  minimum  stress  in  the  extrados. 

Table  No.  4  gives  the  computation  for  the  values  of  minimum  y, 
being  the  result  of  loading  which  produces  the  maximum  compres- 
sion in  the  extrados  and  the  minimum  stress  in  the  intrados. 

Table  No.  5  gives  the  computation  of  the  thickness  of  the  arch 
ring  at  the  several  points  selected,  also  of  the  ordinate?,  of  the  center 
line,  and  the  unit  stresses  in  the  extreme  fibers  of  the  arch  ring.  See 
Plate  II  for  graphical  representation. 


Values  of  a 


Fig.  18. 
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Eqs.  (26). 

m. 

0.042 
0.185 
0.442 
0.824 
1.346 
3.012 
2.842 
3.844 
5.026 
6.408 
7.998 
10.000 

a, 

kgr.  m. 

729 

3  249 

7  569 

13  689 

21  609 

31  329 

42  849 

56  169 

71  289 

88  209 

106  929 

129  600 

w 

1 

kgr.  m. 

11  880 
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125  490 
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1 
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A  comparison  of  the  last  assumed  data,  and  the  final  dimensions 
obtained  in  Table  No.  5  is  given  in  the  following  table,  from  which 
it  is  clearly  seen  that  the  last  assumed  arch  ring  gave  dead  loads  and 
dimensions  which  could  scarcely  be  improved  by  further  compu- 
tations : 


Point. 

Assumed  Dimensions. 

Computed  Dimensions. 

For  Yi  total  live  load  as 
found  in  Table  No.  2. 

y- 

D. 

Vc 

D. 

Vc 

0 

cm. 
88 
112 
131 
145 
154 
162 
166 
167 
166 
160 
150 
134 
106 

m. 

0.00 
0.05 
0.18 
0.45 
0.80 
1.29 
1.96 
2.80 
3.79 
4.98 
6.38 
7.96 
10.00 

cm. 

88 

110.4 
129.8 
145.8 
156.4 
163.3 
168.0 
169.7 
166.6 
162.7 
151.8 
133.3 
106.0 

m. 

0.000 
0.043 
0.188 
0.440 
0.820 
1.339 
2.002 
2.828 
3.a33 
5.010 
6.397 
7.994 
10.000 

m. 

0.000 

1 

0.042 

2 

0.1&5 

3 

0.442 

4 

0.824 

5 

1.346 

6 

2.012 

7 

2.842 

8 

3.844 

9 

5.026 

10 

6.408 

11 

7.998 

12 

10.000 

The  above  agreement  between  y^  and  y  illustrates  very  strikingly 
the  statement  previously  made,  viz. :  that  the  line  of  thrust,  for  a  case 
of  entire  span  covered  with  one-half  the  uniform  live  load,  represents 
jiractically  the  center  line  of  the  arch. 

It  will  be  noticed  that  the  tensile  stresses  on  the  intrados  at  points 
6  and  7  (see  Table  No.  5)  are  slightly  in  excess  of  the  allowable,  being^ 
2.8  atm.,  as  against  2  atm.  allowed.  This  would  jjrobably  be  safe, 
but  having  set  the  limit  at  2  atm.,  the  excess  of  0.8  atm.  must  be  pro- 
vided for,  either  by  giving  the  section  larger  dimensions  at  these 
points,  or  by  introducing  a  few  iron  rods  to  take  up  the  excessive 
tension.  The  latter  method  will  be  adopted  merely  to  illustrate  the 
application  of  the  formula. 

The  sectional  area  of  iron  required  for  an  arch  of  1  cm.  width  is  by 

.2   7)    /-P  hP        \ 

■-1         V2         3  (A:,  +  k,)J 


equation    (45),  a  = 


in  which  k^  =  0.8  atm.,  L^  =  40  atm.,  D  =  169.7  cm.,  /=  700  atm. 
(10  000  lbs.  p3r  square  inch),  and  v  =  75  cm.,  leaving  about  10  cm.  of 
concrete  outside  the  iron. 

By  substituting  these  values  in  (45),  and   solving,  it  is  found  that 
a  =  0.002  cm.',  or  for  an  arch  1  m.  wide  0.2  cm."  would  be  required, 


72  MOLITOR   ON   THREE-HINGED   MASONRY   ARCHES. 

or  3  rods  of  3  mm.  diameter  for  each  meter  of  arch,  or  7  rods  of  2  mm. 

diameter,  whichever  may  be  preferable. 

(/)  Design  of  the  Hinged  Bearings. — The  radius  of  curvature  of  the 

rolling  surface  according  to  Winkler,  Heinzerling  or  Melan  is  given 

IN. 
by  r  =  — -j—r  in  which  N  =  the  maximum  normal  pressure  on  the 

bearing  =  390  543  kgr.  for  1  m.  width  of  arch,  I  =  length  of  roll- 
ing surface  =  70  cm.  and  k  =  allowable  unit  working  stress  =  240 
atm.  for  cast  iron  under  slow  motion. 
Then 

2  X  390  543 


3.14  X  240  X  70 


=  15  cm. 


To  find  the  height  of  the  bearing  necessary  to  distribute  the  stress 
over  the  concrete,  let 

h  =  height  of  the  bearing. 

2>  =  thickness  of  arch  ring  adjacent  to  the  bearing  =  106  cm. 

b  =  width  of  bearing  =  100  cm.,  but  the  rolling  surface  is  only 

70  cm. 

iV  =  normal  pressure  on  the  bearing  for  1  m.  width  of  arch  = 

390  543  kgr. 

T  =  tangential  stress  on  the  bearing  for  1  m.  width  of  arch  = 

11  860  kgr. 

M  =  maximum  bending  moment  on  the  bearing. 

b  h^ 
I  =  z=  moment  of  inertia  of  vertical  section  through  axis 

of  roller. 
k  =  allowable  unit  stress  ;=  500  atm.  for  cast  iron,  quiescent  load. 
Then 

,^       N      a-       ND      -        -,        kl  ND 

2 

which  solved  for  h  gives 


,  I  3  JV  i)  I  3  X  390  543  X  106  ^„ 

h  =;        =         =   oO  cm. 

\i    4:kb  \j       4  X  500  X  70 

The  coefficient  of  friction  between  cast  iron  and  stone  is  about  0.6; 
hence  a  tangential  stress  of  0.6  i\r=  234  300  kls.  would  be  required  to 
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slide  the  bearing  plate.  The  existing  tangential  stress  is  only  11  860 
kgr.  However,  a  small  rib  is  provided  on  the  bottom  of  the  plate  to 
prevent  sliding  during  the  erection  of  the  structure. 

To  diminish  the  sliding  friction  between  the  roller  surfaces  of  the 
bearings,  it  is  intended  to  make  the  radius  of  the  convex  surface  15 
cm.  and  that  of  the  concave  surface  16.5  cm.  (not  shown  on  the  draw- 
ings), thus  converting  the  sliding  friction  into  rolling  friction.  The 
arc  described  by  these  rollers,  for  the  extreme  movements  of  the  arch, 
is  so  small  that  the  point  of  contact  between  the  rolling  surfaces 
would  not  be  appreciably  displaced,  and  there  is  absolutely  no  danger 
of  unequal  distribution  of  i^ressure  on  the  casting,  even  were  the 
motion  to  reach  1°  of  arc. 

{ g)  Composition  of  the  Concrete. — The  fall  section  of  the  arch  ring 
for  a  distance  of  2  m.  from  the  hinges,  and  all  outside  the  middle 
third  of  the  arch  ring;  also  the  floor  arches  and  the  exposed  surfaces 
of  abutments  and  piers  for  a  depth  of  20  cm.  from  the  surface,  shall  be 
of  concrete,  composed  of  1  part  Portland  cement  to  2  j^arts  sand  to  3 
parts  limestone.  The  middle  third  of  the  arch,  the  surfacing  of  the 
roadway  under  the  asphalt  composition  and  the  cores  of  the  small 
piers  shall  be  of  concrete,  composed  of  1  to  3  to  6.  All  other  concrete 
shall  be  mixed  1  to  4  to  8  except  the  abutment  foundations  which 
shall  be  made  as  shown  on  Plate  II. 

[li)  Camber. — The  camber  to  be  allowed  in  the  arch  ring  will  now 
be  found  for  the  condition  that  the  bridge  when  comjileted,  carrying 
the  dead  load  and  a  live  load  of  200  kgr.  per  square  meter,  shall  be 
at  its  true  level  at  0°  Cent. 

To  realize  this,  the  falsework  must  be  superelevated  by  an  amount 
equal  to  this  camber  plus  the  settlement  which  the  former  may 
undergo  up  to  the  time  of  closing  the  arch  ring.  The  settlement  in 
the  falsework  should  be  determined  by  actual  tests  made  prior  to  con- 
struction. 

After  the  arch  ring  is  closed  at  mean  temperature  of,  say,  2iP  Cent., 
and  under  no  stress,  it  should  be  above  its  geometrical  shape  by  the 
amount  of  the  camber.  Hence,  the  camber  will  be  equal  to  the  deflec- 
tion at  the  crown  caused  by  the  dead  load  and  the  uniform  live  load 
of  200  kgr.  per  square  meter,  and  a  diminution  in  temperature  of  24° 
Cent,  below  the  mean.  Then,  under  ordinary  temperatures  and  loads, 
the  arch  will  usually  be  above  its  theoretical  position,  which  is  very 
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desirable,  as  the  horizontal  thrust  is  materially  increased  by  a  diminu- 
tion in  the  rise  of  the  arch. 

The  thrnsts  N  resulting  from  the  assumed  case  of  loading  are  found 
in  Table  No.  6,  using  equations  (26),  (27)  and  (36).  The  shortening  in 
the  successive  arch  sections  between  the  crown  and  the  abutment,  for 
the  respective  values  of  N,  are  also  found  in  Table  No.  6  from  equa- 
tion (46).  As  the  assumed  case  of  loading  is  one  of  symmetry,  only 
the  half  arch  is  treated. 

The  concrete  to  be  used  for  the  arch  ring  should  jjossess  an  ulti- 
mate compressive  strength  of  220  atm.  at  probably  the  age  when  the 
bridge  will  be  first  tested.  From  Table  No.  6  the  average  unit  work- 
ing stress,  for  the  case  of  loading  just  above  mentioned,  will  be  seen 
to  be  23  atm.  Then  the  values  of  f,  cc,  E  and  E'  can  be  taken  from 
the  data  given  under  Section  V  (d) ,  as  follows :  £  =  0. 0009,  a  =  0. 0000088, 
E  =  295  000  atm. ,  and  E' =  S  000  000  atm.     For  /  =  —  24o  Cent. ,  s  + 

a  t  =  0.00111  and   -^  -f  -rT7  =  0.00000372,  which  values  are  used 

in  Table  No.  6  to  find  the  /\  Us. 

The  abutments  themselves  will  be  somewhat  displaced  as  a  result 

of  stress  and  temperature  effect,  though  the  shrinkage  will  probably 

have  taken  place  prior  to  closing  the  arch  ring.     Hence  the  equation 

N  L 
for  the  shortening  in  the  abutment  may  be  written  /\  L  = -— 

\-p     +    ipH  )    —   cr.  t  L.      Taking  i^  =  69  000  cm."  as  an  average 

value,  and  X  =  1  000  cm.,  l\  L  becomes  0.23  cm.  This  displace- 
ment is  considered  in  the  graphical  solution  on  Plate  II,  but  not  in  the 
analytical  solution  here  following: 

From  Table  No.  6,  the  value  of  5  =  2^  l\  L  =  4.521  cm.,  of 
which  3.693  cm.  is  permanent  and  0.828  cm.  is  elastic. 

i  I 

Also  H  =  ^2  i  =  3  789  cm.,/  =  1  000  cm.,  and  75-  =  3  600  cm. 

Hence  from  equation  (49), 

^1=  (1-^)  J/^-f-^'  =  3  731.85cm. 
and  from  eqiiation  (50), 

A/=/- J  C^    -    -^^  =16.79  cm. 
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This  agrees  very  closely  with  the  value  16.65  cm.,  obtained  from  the 
graphical  solution  on  Plate  II. 

When  the  displacement  of  the  abutments,  amounting  to  0.23  cm., 
is  included,  the  total  deflection  at  the  crown  will  be  17.5  cm.  The  de- 
flections at  any  other  points  of  the  arch  ring  may  be  scaled  from  the 
diagram,  Plate  II. 

If  the  falsework  were  absolutely  rigid,  the  crown  of  the  arch  would 
require  a  superelevation  of  17.5  cm.,  so  that  the  arch,  if  closed  at  24° 
Cent.,  and  when  carrying  its  own  weight  and  a  live  load  of  200 kgr. 
per  square  meter,  will  have  a  rise  of  10  m.  at  0°  Cent.  The  design 
of  the  falsework  is  not  made  a  part  of  this  jsroblem. 

{i)  The  Pressure  on  the  Abidment  Foundations. — This  is  found  to  be 
4.76  atm.  (see  Plate  II).  This,  for  the  character  of  the  substrata, 
assumed  in  the  problem  as  hard  clay,  is  in  no  way  excessive.  How- 
ever, when  dealing  with  a  specific  case,  the  pressure  area  may  be  made 
any  desired  quantity  and  the  foundation  pressure  be  diminished  to 
such  intensity  as  may  seem  safe  for  the  particular  case. 

The  fact  that  small  settlements  in  the  abutments  of  three-hinged 
masonry  arches  are  not  attended  by  any  serious  consequences, 
especially  when  sufficient  camber  was  jjut  into  the  arch  during  con- 
struction, makes  it  perfectly  safe  to  exceed  the  i^ressure  limits,  on 
foundations  hitherto  allowed  for  arches  without  hinges,  by  from  50  to 
100  per  cent. 

ij)  Estimate  of  Quantities. — The  following  table  contains  the  quanti- 
ties of  Portland  cement  concrete  of  the  various  mixtures  for  the  dif- 
ferent parts  of  the  structure. 


Structural  parts. 

Quantities  op  Concrete,  in  Cubic  Meters. 

1:2:3 

1  :  2.5  : 4 

1:3:6 

1:4:8 

l:4:8:3st. 

Arch  ring 

978 
165 
328 
141 

478 
52 

Floor  piers     

1661 

Two  abutment  foundations 

60 

210 

1664 

Totals  in  cubic  meters 

1612 
2  108.5 

60 
78.5 

749 
979.7 

1  661 

2  172.6 

1664 

Totals  in  cubic  yards 

2  176.5 
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Estimated  Quantities. 


Items. 


Portland  cement  concrete,  mixed,  Ic. 

1 
1 
1 
1 
1 


:  3  s. :  3  broken  stone. . 
:2.5:4        "  "     .. 

:3     :6        "  "     .. 

:4     :8        "  "     .. 

:  4     :  8  b.  s.,  3  stone 

:  6     :  12  bi-oken  stone. 


Louisville  cement  concrete 

Earth  excavation 

Asphalt  pavement  over  abutments,  15  cm.  concrete  found. . . 

Asphalt  composition  6  cm.  thick  over  bridge 

Concrete  footwalks  over  abutments 

Concrete  balustrade  over  abutments 

Iron  hand  railing  over  bridge 

194  m.  of  steel  grooved  rail,  80  lbs.  per  yd.  or  39.76  kgr.  per  m. 
972  steel  rods,  2.5  cm.  dia.  3.05  m.  long,  nuts  each  end  at  12.4  kgr 

120  m.  J  at  14.9  kgr.  per  m.  or  10  lbs.  per  ft 

Metal  in  expansion  joints  of  roadway 

Cast-iron  hinged  bearings 

Falsework 


Quantities. 


Metric  units     U.  S.  units. 


1  612  m^. 

60 

749 

1601 

1664 

720 

5  400 

176  m'' 

600 

88 

44  m. 
150 
7  713  kg] 
12  052 
1  788 
5000 
81600 

72  lin.  m. 


2108.5  cu.  yds. 
78.5      " 

979.7  " 

2173.6  " 
2176.5      " 

941.8  " 
7063.0      " 

210.3  sq.  yds. 

717.0      " 

105.2 

144.3 

492.0 
16  970 
26  514      " 

3  934  " 
11  000  " 
179  520      " 

236.2  lin.  ft. 


ft. 
lbs. 


Unit  prices  have  not  been  inserted  in  the  above  table  because  these 
are  too  much  dependent  on  local  conditions  and  market  values.  How- 
ever, a  liberal  estimate  of  cost  for  the  entire  structure  as  designed,  in- 
cluding 10%  for  engineering  contingencies,  would  be  about  $96  000. 
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DISCUSS  ION. 


Waltek  G.  Bekg,  M.  Am.  Soc.  C.  E. — This  subject  deserves  attention  Mr.  Berg, 
and  study  on  account  of  its  admirably  clear  presentation  by  the  author, 
and,  further,  because  several  bridges  have  been  built  after  this  method 
in  Germany  by  engineers  who  stand  very  high  in  the  profession.  How- 
ever, it  should  be  remembered,  that  this  is  a  structure  of  a  class  preva- 
lent in  European  practice,  in  the  design  of  which  the  tendency  of  the 
engineer  has  been  to  consider  a  structure  as  perfect,  in  an  engineering 
sense,  if  the  sections  have  been  reduced  to  the  actual  theoretical  mini- 
mum, independent  of  the  question  of  additional  cost  of  labor,  and  other 
features  which  come  in.  In  American  jaractice  the  aim  is  simplicity, 
oven  at  a  sacrifice  of  additional  material.  The  speaker  coincides  with 
Mr.  Goldmark  in  his  statement,  that,  by  the  addition  of  a  few  inches  to 
the  thickness  of  the  ring,  which  in  itself  is  a  very  smallpercentage  of  the 
entire  masonry  in  the  structure,  absolute  safety  can  be  obtained  with- 
out going  into  these  theoretical  detailed  methods  of  construction.  Per- 
haps the  solution  of  the  whole  question  would  be  to  take  extra  care  in 
making  the  foundations  absolutely  safe,  and  so  do  away  with  the  main 
argument  in  favor  of  the  three-hinged  masonry  arch,  namely,  that  it 
should  be  used  where  the  foundation  might  settle.  The  speaker  does  not 
wish  to  take  the  stand  that  nothing  can  be  learned  from  European  prac- 
tice; but  he  believes  that  the  tendency  in  America  will  always  be  toward 
a  simple  structure,  even  with  the  use  of  more  material,  thus  avoiding 
the  very  great  refinement  required  in  a  construction  of  this  kind. 

J.  B.  Johnson,  M.  Am.  Soc.  C.  E. — Engineers  in  America  have  Mr.  Johnson, 
made  and  are  likely  to  continue  to  make  some  mistakes  in  the  matter 
of  avoiding  those  structures,  the  computations  for  which  are  difiicult. 
Careful  distinction  should  be  made  between  a  difficult  computation 
and  an  uncertain  computation.  The  speaker  believes  that  the  ordin- 
ary arch  is,  under  all  circumstances,  an  uncertain  product,  because 
of  the  unknown  rigidity  of  the  abutments  and  the  amount  of  de- 
formation which  occurs  in  the  arch  when  the  centering  is  removed. 
When  a  crack  is  seen,  it  is  know^n  that  the  tension  at  that  place  has 
been  more  than  the  masonry  w^ould  stand.  How  far  that  crack  extends 
is  not  known,  and  the  pressures  are  not  known. 

Now,  the  three-hinged  masonry  arch  is  a  structure  as  stable  as 
any,  and  the  speaker,  having  as  much  confidence  in  Portland  cement 
as  in  the  best  kind  of  building  stone,  believes  that,  humanly  si^eak- 
ing,  it  may  be  regarded  as  absolutely  permanent.  These  arches  may  be 
built  either  of  stone  or  of  concrete,  with  or  without  steel  embodied  in  the 
arch  ring,  and  they  may  be  adapted  to  almost  any  set  of  conditions. 

The  author  has  given  a  very  clear,  concise,  and  accurate  solution 
of  the  problem.  The  argument  that  the  solution  of  each  problem  is 
difficult,  tedious,  or  unknown  to  most  engineers,  has  no  value.     Sup- 
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Mr.  Johnson,  pose  the  i3roblem  is  of  necessity  long  and  tedious  to  the  greatest  expert, 
to  the  man  in  whom  is  placed  the  highest  confidence;  suppose  he  spends 
a  month  in  figuring  the  stresses  in  such  a  structure — this  would  be  said 
to  be  a  tedious  computation;  but  what  is  a  month's  expense  of  one  man 
comiJuting  an  important  structure,  as  compared  with  the  cost  of  the 
structure  ?  It  is  simply  nothing  at  all.  The  important  questions  are : 
Are  his  figures  representative  of  the  facts  after  the  structure  has  been 
erected?  And  is  it  a  structure  which  is  readily  erected  in  accordance  with 
theory?  The  speaker  believes  that  the  three-hinged  masonry  arch  can 
be  readily  erected  in  accordance  with  theory,  and  that  the  theory  is  com- 
petent to  determine  the  facts.  If  this  is  so,  such  structures  should  be 
accepted  as  normal,  as  proper,  and  as  having  many  advantages  which  the 
present  iron  and  steel  striictures  do  not  possess,  one  of  which,  the  advan- 
tage of  permanence,  no  one  would  claim  for  iron  and  steel  in  the  present 
state  of  ignorance  as  to  the  proper  methods  of  preserving  them  from  rust. 
Mr.  Goldmark.  Heney  Goldmakk,  M.  Am.  Soc.  C.  E. — This  paper  is  an  able  argu- 
ment in  favor  of  a  masonry  arch — more  distinctly  a  concrete  arch — with 
three  hinges.  The  argument  is  the  stronger  because  it  is  enforced  by  a 
detailed  desigu  of  a  bridge  built  according  to  the  formulas  developed  in 
the  first  part  of  the  paper.  The  formulas  in  question  look  much  more 
formidable  than  they  really  are.  The  arch  being  built  with  three  hinges, 
the  author  assumes  that  the  reactions  at  the  crown  and  the  springing 
will  pass  through  the  hinges,  and  that  the  two  halves  of  the  arch  will 
turn  freely  about  them.  The  problem  of  determining  the  stresses  in  any 
section  becomes,  u.nder  these  conditions,  a  purely  statical  one,  without 
the  necessity  of  introducing  the  more  complex  methods  involving  the 
theory  of  elasticity.  The  solution  of  the  stresses  can  readily  be  reached 
by  simple  analytical  or  graphical  methods  which,  for  any  particular 
case,  present  no  difficulty.  The  apparent  complexity  of  the  author's 
formulas  is  due  to  the  fact  that  he  presents  the  problem  in  a  very  elegant 
general  form,  in  order  to  make  the  solution  more  complete  for  any 
possible  case  that  may  arise  in  i^ractice.  The  discussion  of  the  best 
way  of  arriving  at  the  deflections  the  speaker  has  found  of  much  value. 

The  interest  of  the  paper  centers  more  particularly  on  the  question 
whether  a  masonry  arch  with  hinges  is  so  much  better  than  one  with- 
out hinges  as  to  warrant  the  sitbstitution  of  these  details  for  an  arch  of 
ordinary  form.  As  to  this,  oi)inions  may  very  well  differ.  Masonry 
arches  have  been  used,  almost  from  time  immemorial,  and  the  results, 
as  the  author  states,  have  been  very  favorable.  The  burden  of  proof  in 
favor  of  introducing  a  new  form  rests,  of  course,  entirely  with  those 
who  advocate  the  innovation. 

The  author's  reasons  for  wishing  to  introduce  the  hinge  are,  first, 
his  belief  that  in  case  the  foundations  settle  the  hinged  arch  would  be 
safer,  and  could  be  vised  where  the  foundations  are  not  considered 
sufficiently  uniform  and  solid  for  an  ordinary  arch;  second,  that  the 
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stresses  beiDg  more  determinate,  there  would  be  less  chance  of  the  arch  Mr.  Goldmark. 
cracking;  and  third,  that  temperature  changes  would  be  of  less  im- 
portance in  the  jointed  arch. 

To  the  speaker  it  seems  that  the  substitution  of  this  form  needs 
stronger  evidence  than  is  brought  forward  by  this  paper.  The  intro- 
duction of  a  movable  joint  appears,  in  his  opinion,  to  be  radically  at 
variance  with  the  character  of  masonry  construction.  As  a  matter  of 
fact,  even  in  the  author's  careful  design,  the  idea  is  not  fully  carried 
out.  The  flooring  and  sjDandrel  filling  are  really  continuous  and  would 
oppose  great  resistance  to  motion  at  the  hinge  in  the  crown.  The 
result  would  be  that  cracks  would  take  place  in  the  spandrel  or  else 
that  the  hinge  would  remain  fixed.  Either  alternative  would  be  unfortu- 
nate. In  the  latter  case  the  author's  assumption  as  to  the  determinate 
character  of  the  stresses  would  be  vitiated.  It  is  true  that  the  hinges 
would  confine  the  line  of  pressure  within  somewhat  closer  limits,  but 
the  arch  would,  after  all,  be  an  elastic  and  not  a  static  arch.  Ordin- 
ary prudence  would,  therefore,  prescribe  that  the  usual  practice  be 
followed  and  the  stresses  determined,  both  for  the  fixed  and  the  hinged 
end  conditions,  so  that  the  dimensions  of  the  arch  ring  could  be  pro- 
portioned for  the  more  unfavorable  case. 

The  design  which  the  author  works  out  with  great  care  difiers  in  no 
essential  respect  from  similar  arches  which  have  been  built  without 
hinges,  nor  is  the  section  of  the  arch  which  he  finally  obtains  very  differ- 
ent from  that  of  ordinary  arches  which  have  stood  well  in  practice. 

The  hinged  arch,  if  the  hinge  acts,  will,  however,  have  greater  de- 
flection and  hence  involve  greater  stresses,  at  least  in  some  j^arts  of 
the  structure.  It  is  hai'dly  conceivable,  at  least  in  the  case  of  a  rail- 
road bridge,  that  this  can  be  anything  but  detrimental.  It  may  be 
added  that  the  introduction  of  metallic  parts,  which  are  subject  to 
corrosion,  must  be  considered  objectionable  in  a  masonry  bridge. 

The  experiments  of  the  Austrian  Society  of  Engineers  and  Archi- 
tects, made  some  five  or  six  years  ago,  to  which  the  author  refers, 
show  clearly  that  the  ordinary  hingeless  arch,  whether  built  of  con- 
crete, brick  or  rubble,  does  act  very  much  as  the  elastic  theory  indi- 
cates. This  theory  is  complex  in  its  application,  almost  too  much  so 
for  every-day  practical  use,  except  in  rare  cases.  At  the  same  time 
there  need  be  no  great  difiiculty  in  determining  perfectly  safe  dimen- 
sions for  even  the  largest  arches.  Arch  estimates,  such  as  the  speaker 
has  lately  had  occasion  to  make  on  several  large  arches,  show  that  the 
total  amount  of  masonry  in  the  arch-ring  is,  after  all,  only  a  small 
percentage  of  the  total  masonry  in  the  bridge.  The  addition  of  6  ins. , 
or  1  ft. ,  to  the  arch,  above  the  absolute  minimum  required,  would  make 
the  bridge  safe  beyond  i^eradventure,  without  increasing  its  cost  aj)- 
preciably.  The  economy  that  could  be  introduced  by  the  use  of 
hinges  is,  then,  not  very  great,  while  it  would  be  more  than  countei'- 
balanced  by  the  accompanying  drawbacks. 
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CORRESPONDENCE. 


Mr.Lindenthai.  GusTAV  LiNDENTHAL,  M.  Am.  Soc.  0.  E. — The  Writer  agrees  with 
the  author  that  masonry  arch  bridges  should  be  built  in  preference  to 
iron  and  steel  bridges  wherever  possible,  because  they  will  last  longer 
and  cost  next  to  nothing  for  maintenance. 

To  argue  from  this,  however,  that  masonry  arches  of  long  span  are 
only  feasible  or  preferable  when  built  with  hinges,  is  a  conclusion 
with  which  the  writer  does  not  agree.  Masonry  arches  have  the  very 
valuable  qualities  of  rigidity  and  durability.  These  qualities  are 
impaired  by  hinges.  Unyielding  foundations,  rigid  abutments  and 
careful  work  should  not  be  less  necessary  for  hinged  arches  than  for 
fixed  arches,  which  are  better  in  all  respects.  For  none  of  the  hinged 
masonry  arches  already  built  can  it  truthfully  be  claimed  that  they 
are  as  rigid,  or  as  good,  or  as  durable,  as  fixed  masonry  arches  of 
corresponding  material.  If  the  Cabin  John  Arch  were  hinged,  it  would 
not  be  the  absolutely  rigid  bridge  it  is. 

Hinges  may  give  a  theoretical  excuse  for  paring  down  the  dimen- 
sions of  the  arch  ring  and  abutments,  and  for  building  on  "any 
moderately  good  foundation";  but  such  bridges  will  not  stand  the 
test  of  time  with  good  proportioned  and  well-built  fixed  masonry 
arches.  If  the  foundations  are  not  secure,  and  cannot  be  made  secure, 
no  arch  bridge  of  any  kind  should  be  attempted. 

With  the  same  proportion  of  rise  (10  m.)  to  span  (72  m.)  as  in  the 
author's  design  (page  58),  and  for  the  same  moving  loads  and  same 
unit  pressure,  equal  to  r^-  of  the  crushing  load  on  the  arch  ring,  a  span 
of  140  m.  (459  ft.)  is  readily  feasible.  If  the  proportion  of  rise  to 
span  is  \,  a  span  of  600  ft.  becomes  feasible  under  the  same  condi- 
tions, but  in  all  cases  the  writer  would  prefer  a  fixed  arch  to  one 
,  with  hinges. 

The  supposed  greater  accuracy  of  calculation  of  hinged  arches,  as 
compared  with  the  ordinary  fixed  masonry  arch,  is  largely  illusory. 
The  fact  which  is  not  illusory,  however,  is  that  the  hinged  bridge  is 
less  rigid  than  the  fixed  arch  bridge.  The  question  is  not  that  it  is 
rigid  enough,  or  that  it  is  more  rigid  than  a  metal  bridge.  Of  rigidity 
in  a  bridge  there  cannot  be  too  much;  if  the  fixed  arch  bridge  is  more 
rigid  than  the  hinged  arch  bridge,  which  it  certainly  is,  that  should  be 
sufficient  reason  for  avoiding  hinges. 

But  there  are  other,  if  minor,  considerations:  The  hinges,  having 
to  be  of  metal,  require  to  be  looked  after  and  kept  in  good  condition 
by  cleaning  and  painting,  thus  introducing  the  trouble  and  cost  of 
maintenance,  entirely  absent  in  the  fixed  stone  arch  bridge.  Corrosion 
of  the  metal  hinges  is  not  preventable,  and  the  durability  of  the  bridge 
is  limited  by  that  of  the  hinges. 
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The  refinement  of  having  the  concave  surface  of  the  hinge  of  some-  Mr.Lindenthal. 
what  larger  radius  than  the  convex  surface,  for  the  purjDose  of  mini- 
mizing the  friction,  still  more  increases  the  liability  to  corrosion.  Dust 
and  rust  will  lodge  in  the  hinge,  where  any  amount  of  cleaning  cannot 
remove  them.  Changes  in  the  form  of  the  arch,  from  whatever  cause, 
will  be  localized  at  the  hinges.  Bending  strains  in  the  arch-ring  are 
then  unavoidable,  and  it  is  not  possible  to  determine  them  with  any 
definiteness.  In  the  fixed  arch,  such  bending  strains  are  distributed, 
and,  therefore,  minimized,  over  its  entire  length. 

The  calculation  of  fixed  masonry  arch  bridges  presents  no  greater 
difiiculties  than  that  of  hinged  arch  bridges. 

The  theory  for  the  calculation  of  fixed  masonry  arches,  based  on 
the  elasticity  of  the  material,  which  the  author  (page  33),  claims  as 
the  only  one  entitled  to  confidence,  has  not  received  general  accept- 
ance, and  does  not  deserve  it.  In  so  far  as  any  elasticity  at  all  is 
ascertainable  in  building  stone  and  mortar,  it  is  so  uneven,  and  be- 
tween such  very  wide  limits,  that  any  theoretical  results  based  on  it 
must  necessarily  be  equally  unreliable  and  divergent.  Elasticity  has 
no  bearing  on  the  determination  of  the  camber  to  meet  the  flattening 
of  the  arch  after  completion,  which  is  an  old  arithmetical  operation 
with  data  from  experience  on  the  compressibility  of  difi'erent  kinds  of 
masonry  and  foundations. 

The  stability  and  strength  of  stone  arches  of  any  form  can  reliably 
be  determined  upon  the  same  principle  which  was  used  by  the  old 
mastei's  who  biiilt  the  great  German  cathedrals  of  the  middle  ages. 
The  finely  dimensioned  and  exquisitely  balanced  arches  and  vaults, 
meeting  on  top  of  slender  columns,  were  not  the  product  of  chance; 
they  were  determined  by  calculation,  in  which  the  "  Bauwage  "  (a  literal 
translation  of  which  is  building  balance)  was  the  principal  instrument. 
It  was  simply  a  string  or  cord  representing  the  center  line  of  the  arch. 
The  string  was  loaded  and  shaped  with  weights  representing  the  loads 
to  be  carried  by  the  arch.  One  end  of  the  string  passed  over  a  pulley 
and  was  balanced  by  a  weight,  which  represented  the  horizontal  thrust. 
The  inverted  equilibrium  ^jolygon,  of  course,  corresponded  in  all  re- 
spects to  an  erect  one.  Thus  the  position,  intensity  and  direction  of 
the  thrust  were  known  at  every  point.  This  principle,  also  used  by 
Rankine  as  a  basis  for  his  theory  of  masonry  arches,  reaches  back  to 
antiquity,  it  being  claimed  that  the  cathedral  builders  derived  it  from 
Arabian  mathematicians.  It  can  be  used  with  perfect  safety,  aided  by 
the  greater  accuracy  of  modern  analysis  and  graphical  statics,  for  the 
largest  masonry  arch  spans  of  any  form. 

The  arch,  assumed  as  carrying  all  the  loads,  vertically,  of  course, 
and  not  radially,  is  by  this  method  treated  as  a  bent  wall,  held  in 
position  and  equilibrium  between  unyielding  abutments.  For  such 
an  arch,  considered  as  an  inert  mass,  the  jjressure  line,  as  to  form  and 
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Mr.Lindenthal.  location,  can  be  ascertained  with  an  accuracy  sufficient  for  all  practical 
purijoses;  as  also  can  the  variations  in  the  ijressure  line  from  moving 
load.  Rankine's  rule,  which  is  an  excellent  one,  and  should  be  adhered 
to  in  all  cases,  is  that  the  pressure  line  and  variations  of  same  shall  not 
pass  out  of  the  middle  third  of  the  arch-ring  section,  which  should  be 
thoroughly  bonded.  In  flat  arches  this  condition  can  always  be  com- 
plied with.  For  long  spans  the  arch  material  may  be  arranged  in  the 
form  of  deep  ribs. 

Rigid  sjjandrels,  which  can  very  well  consist  of  open  gallery  work 
in  longer  sjaans,  good  cement  and  good  bonding,  in  an  arch,  give  addi- 
tional security.  Piers  or  walls  are  likewise,  as  a  rule,  so  proportioned 
that  the  pressure  line  does  not  pass  out  of  the  middle  third.  The 
safety  of  all  such  masonry  is  assured,  even  if  the  coursed  stones  were 
laid  without  mortar,  the  latter  merely  insuring  a  good  fit.  Hinges  for 
fixing  the  pressure  line  through  the  center  line  of  the  arch  are  not 
necessary;  but  rigid  abutments,  painstaking  care  and  good  judgment 
in  the  execution  of  the  work  are  of  greater  importance,  whether  there 
are  hinges  or  not. 

As  a  rule,  it  is  much  easier  to  design  and  calculate  a  masoni'y  arch 
than  to  execute  it  as  a  perfect  work. 

The  great  amount  of  bad  work  in  arch  building  and  in  the  founda- 
tions is  as  responsible  for  cracks  and  failures  as  bad  designing.  The 
effort  and  skill  of  the  engineer  should  be  directed  toward  getting 
not  merely  "  moderately  good  foundations,"  which  the  author  claims 
are  good  enough  for  hinged  arches,  but  to  get  unyielding  foundations. 
In  that  resj)ect  the  better  knowledge  of  physical  conditions,  the  better 
materials,  and  the  greater  resources  of  modern  engineering,  can  be 
used  with  greater  advantage  than  was  ever  possible  before;  where 
these  cannot  be  had,  metal  truss  bridges  are  preferable. 

Brick  arches,  made  tip  of  separate  rings,  each  a  single  brick  in 
thickness  (instead  of  the  arch  ring  being  bonded  through  like  a  wall), 
with  from  four  to  eight  such  rings  above,  and  unconnected  with,  each 
other,  may  be  seen  carrying  railroad  tracks.  The  rigidity  of  such  an 
arch  is  derived  only  from  the  spandrel  filling.  Yet  because  such  arches 
sometimes  hold  up  (the  bricks,  as  it  were,  having  more  sense  than  the 
builder  that  put  them  there),  that  cheap  practice  is  frequently  jjointed 
out  as  a  good  example.  It  is  bad  work  of  this  and  similar  kind  that 
has  discredited  masonry  arches. 

For  long  span  masonry  arches,  but  always  of  the  fixed  kind,  the 
writer  would  prefer  granite  of  the  best  quality,  rather  than  the  best 
concrete,  the  stones  to  reach  through  the  entire  thickness  of  the  arch 
ring  in  every  third  course  at  least.  The  flattening  of  the  arch, 
when  released  from  the  staging,  is  thereby  distributed  over  all  the 
many  radial  joints.  But  if  monolithic  arch  masonry  of  the  quality 
proposed  by  the  author  is  used,  greater  safety  against  cracking  can 
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be  had,  in  the  judgment  of  the  writer,  by  embedding  laterally  con-  Mr.Lindenthal. 
nected    iron  ribs,    corresponding   to   the   Melan   construction.     This 
system  lends  itself  very  well  to  deep  ribs  in  long  spans.     That  hinges 
cannot  be  used  for  skew  arches  is  too  obvious  for  argument. 

The  writer  disagrees  with  the  author  also  in  the  advocacy  of  press- 
ures as  low  as  i  of  the  crushing  strength  of  the  arch  material. 
Whether  conci'ete,  or  granite,  or  other  stone  of  high  quality,  their 
homogeneity,  Avith  all  possible  care,  can  never  be  so  reliably  secured 
as  to  risk  a  factor  of  safety  equal  to  that  in  steel  or  wrought  iron. 
One-sixth  of  the  breaking  strength  would  be  low,  even  for  cast  iron, 
but  for  stone  masonry  of  the  best  kind  there  is  no  justification  for  less 
than  Yo,  and  it  should  be  nearer  to  -2-0- 

The  dux'ability  of  stone  bridges  is  to  be  ascribed  to  their  high 
factor  of  safety,  necessary  as  a  margin  against  weathering,  and  against 
accidental  loading  in  the  form  of  shock  in  a  material,  which,  for 
greater  safety,  should  always  resist  only  by  compiession  and  never  by 
tension,  and  jDrincipally  to  the  great  proportion  of  mass  to  moving 
load. 

Reduce  this  mass  in  the  arches  and  in  the  foundations  one-half  or 
two-thirds,  as  advocated  by  the  author,  under  the  pretense  of  more 
accurate  calculation  where  the  coarseness  and  variation  of  the  material 
naturally  do  not  admit  of  it,  and  stone  bridges  will  cease  to  be  the 
synonyms  of  strength  and  durability.  Hinges  in  masonry  arches  are 
not  only  an  incongruity,  but  may  without  prejudice  be  considered  as 
one  of  the  fads  from  which  even  an  exact  science  like  engineering  is 
not  free,  or,  rather,  as  an  application  of  science  to  a  wholly  useless,  if 
not  injurious,  purpose. 

David  A.  Molitor,  M.  Am.  Soc.  C.  E. — The  opinion  frequently  ad-  Mr.  Moiitor. 
vanced,  that  the  design  of  structures  of  the  kind  under  consideration 
requires  great  refinement,  and  also  that  their  theoretical  treatment  is 
more  difficult  and  cumbersome  than  the  methods  commonly  used  in 
the  analysis  of  fixed  arches,  is  entirely  unfounded.  In  fact,  if  a 
fixed  arch  were  to  receive  a  detailed  analysis,  such  as  is  given  in  the 
the  paper  on  hinged  arches,  this  might  be  justly  called  complicated. 
Yet  any  construction,  the  design  of  which  has  not  received  such 
analysis,  certainly  does  not  deserve  professional  sanction.  It  is  far 
more  important  to  solve  a  jjroblem  with  exactness,  even  at  a  some- 
what greater  expenditure  of  labor,  than  to  risk  failures  of  construc- 
tion. 

The  time  is  fast  approaching  when  the  wasteful  American  methods, 
variously  referred  to,  will  receive  the  severe  condemnation  to  which 
they  are  generally  entitled,  and  the  "  rule  of  thumb  "  engineer  will 
probably  share  the  fate  of  retirement. 

A  careful  cousidei'ation  of  the  paj^er  will  undoubtedly  convince  the 
reader  that  the  method  is  not  nearly  so  complicated  as  might  at  first 
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Mr.  Moiitor.  appear,  and  that  the  analysis  of  a  fixed  arch  would  be  far  more  tedious 
if  considered  in  a  more  general  manner  with  live  loads  as  they  actually 
occur.  The  commonly  applied  graphical  solution  is  simple  merely 
because  the  difficult  complications  are  not  dealt  with,  but  supplanted 
by  vague  and  often  erroneous  assumptions. 

Another  fact  which  has  not  been  considered  by  the  advocates  of 
superfliious  material,  intended  to  cover  the  factor  of  ignorance,  is 
that  an  arch  of  excessive  thickness,  and  consequent  great  rigidity,  is 
far  more  liable  to  crack  as  a  result  of  shrinkage  of  the  material  and 
settling  when  centers  are  released  than  is  a  well-designed  arch,  with 
just  sufficient  material  to  carry  the  loads.  Every  arch  is  subject  to 
large  distortions  during  construction,  and,  unless  provision  is  made 
therefor,  cracks  will  show  soon  after  completion. 

Among  the  many  large  fixed  masonry  arches  which  the  author  has 
seen,  both  in  Europe  and  America,  not  excluding  those  of  his  own 
design  and  construction,  he  can  recall  only  a  few  which,  in  spite  of  the 
best  foundations,  did  not  show  cracks.  This  does  not  mean  that  such 
arches  are  unsafe  or  that  they  will  not  be  lasting,  but  such  defects 
always  reflect  injuriously  on  the  reputation  of  the  designer  and 
builder,  which  is  unpleasant,  to  say  the  least. 

In  no  instance  has  the  author  asserted  that  it  is  impossible  to  con- 
struct long-span  masonry  arches  without  hinges,  but  he  has  advocated 
hinges  for  them  simply  because  they  are  more  susceptible  to  cracks, 
etc.,  than  short-span  arches. 

Many  are  the  schemes  which  have  been  advanced  to  overcome  the 
injurious  effects  of  settlement  during  construction,  but  most,  if  not 
all,  of  them  are  oj)en  to  severe  criticism.  The  introduction  of  hinged 
connections  has  offered  the  best  solution  of  the  difficulty. 

According  to  some  of  the  criticism  offered,  it  would  be  improper 
to  construct  a  masonry  arch  on  any  but  bed-rock  foundations,  which 
would  naturally  make  this  style  of  structure  one  of  rare  occurrence. 
To  build  an  arch  on  any  moderately  good  foundation  requires  the 
highest  engineering  skill  and  experience,  while  any  one  familiar  with 
the  use  of  mason's  tools  might  safely  risk  the  construction  of  an  arch 
on  rock  foundations. 

The  question  of  rigidity  and  deflections  has  been  strongly  em- 
phasized, but  this  objection  to  hinged  masonry  arches  is  entirely 
erroneous,  since  in  them  the  proportion  of  live  to  dead  loads  is  so 
small  that  the  introduction  of  hinges  does  not  materially  influence  the 
rigidity,  as  far  as  the  purpose  of  the  structure  is  concerned.  The 
argument  applies  only  to  metal  arches  where  the  imposed  loads  are 
excessive. 

In  advocating  low  unit  working  stresses  for  masonry  and  concrete, 
the  author  naturally  referred  to  a  structure,  the  stresses  in  which  are 
fully  determinable.     To  conclude  therefrom  that  this-  would  be  per- 
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missible  for  a  fixed  arch  where  the  stresses  may  readily  exceed  the  Mr.  Molitor. 
computed  values  by  100%,  or  more,  is  perfectly  ridiculous. 

Skew  arches  may  be  built  according  to  the  method  outlined  in  the 
paper,  provided  the  skew  is  very  slight,  otherwise  internal  stresses 
arising  from  the  skew  would  be  likely  to  exert  a  harmful  influence. 

The  preservation  of  iron  hinges  is  not  a  very  serious  objection  to 
the  use  of  this  style  of  structure;  since  the  entire  hinge  may  be  em- 
bedded in  asphaltum  or  some  hard  fatty  mixture  which  will  in  no  wise 
interfere  with  the  freedom  of  action  of  the  hinge  within  necessary 
limits,  but  at  the  same  time  will  prevent  corrosion  of  the  metal. 

The  imiaression  seems  to  prevail  that  iron  is  the  only  material  suit- 
able for  such  hinges.  This  is  not  true.  On  the  contrary,  such  hinges 
can  be  made  of  a  hard  stone,  like  granite,  or  lead  joints  may  be  used 
to  advantage.  The  choice  of  the  kind  of  material  rests  entirely  with 
the  designer,  and  in  the  example  submitted  the  author  used  cast  iron. 

While  thanking  Mr.  Goldmark  for  his  complimentary  remarks,  it 
is  to  be  regretted  that  he  did  not  give  the  paper  sufficient  study  to 
familiarize  himself  with  the  design,  instead  of  accusing  the  author  of 
having  designed  a  hinged  arch  with  fixed  spandrel  filling.  Mr.  Gold- 
mark  also  states  that  the  desigp  submitted  "differs  in  no  essential 
respect  from  similar  arches  which  have  been  built  without  hinges," 
etc.  No  argument,  as  to  the  essential  differences  will  carry  more  con- 
viction than  a  careful  inspection  of  the  drawings. 

The  points  brought  out  by  Mr.  Lindenthal  have,  for  the  most  part, 
received  consideration  in  the  above,  and  it  is  not  deemed  necessary  to 
draw  out  this  discussion  for  the  purpose  of  refuting  what  appears  to 
be  a  recitation  of  text  book  information  and  personal  views  and  pre- 
ferences not  necessarily  accepted  by  others. 

The  examples  of  hinged  arches,  cited  in  the  first  jsart  of  the  paper, 
certainly  outweigh  most  of  the  arguments  and  doubts  expressed  by 
those  who  have  taken  up  this  discussion. 

It  is  not  in  making  designs  and  estimates  or  in  the  study  of  text 
books  that  the  great  advantages  of  three-hinged  masonry  arches  may 
be  learned  and  api)reciated,  but  the  constructor  who  has  sought  in 
vain  to  produce  a  jjerfect  masonry  bridge  without  a  defect  or  blemish, 
will  know  without  doubt  or  much  argument  which  style  of  structure 
is  best  suited  to  practical  application. 

In  closing,  the  author  expresses  his  warm  aj^preciation  of  the  able 
support  received  from  so  high  an  authority  as  Professor  J.  B.  Johnson. 
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WITH  DISCUSSION. 

The  origin  of  the  Gulf  Stream  and  the  circulation  in  the  Gulf  of 
Mexico  have  never  been  satisfactorily  settled.  Many  theories  have 
been  advanced  from  time  to  time,  but  none  as  yet  have  been  estab- 
lished upon  acceptable  proof.  The  commonly  received  theory  of  the 
present  day,  that  these  currents  flow  in  from  the  South  Atlantic,  pass 
the  north  shore  of  Yucatan,  follow  the  coast  line  of  Mexico  and  Texas 
in  a  north-northeaaterly  direction,  and  finally  escape  through  the 
Straits  of  Florida,  appears  to  be  plainly  contradicted  by  evidence 
gathered  from  the  various  surveys  of  the  past,  together  with  recent 
discoveries  in  connection  with  the  several  deep-water  projects  along 
the  coast  of  Texas. 

The  true  solution  of  the  question  seems  to  be  that  the  currents 
coming  in  through  the  Straits  of  Yucatan  follow  one  of  two  courses, 
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dependent  ui^on   the  variations  of  barometric  and  planetary  condi- 
tions, viz. : 

(1)  During  the  high  declination  of  the  moon,  coincident  with  a 
continued  \oy  barometer  off  Cape  Hatteras  and  a  high  barometer  in 
the  Gulf  of  Mexico,  they  flow  from  the  Yucatan  Channel  in  a  north- 
easterly direction  around  the  extreme  west  coast  of  Cuba  and  pass  out 
into  the  Atlantic  through  the  Straits  of  Florida,  where  they  become 
known  as  the  Gulf  Stream. 

(2)  Under  opposite  atmospheric  conditions,  and  during  the  low 
declination  of  the  moon,  the  Channel  of  Yucatan  pours  its  waters  into 
the  Gulf,  so  that  they  spread  out  in  all  directions,  moving  on  its 
center;  thence,  being  deflected  by  the  outward  flow  of  contrary  cur- 
rents, they  also  jjass  through  the  Straits  of  Florida  as  the  Gulf  Stream. 

In  order  to  understand  these  currents  aright,  especially  those  in 
the  western  part  of  the  Gulf,  it  will  be  necessary  to  review,  as  briefly 
as  possible,  past  observations  and  discoveries  concerning  the  Gulf 
Stream  and  eqiiatorial  currents.  The  discovery  of  America  may  be 
said  to  be  due  primarily  to  the  Gulf  Stream.  Long  before  the  time  of 
Columbus,  there  had  been  noticed  in  the  debris  constantly  washed 
upon  the  shores  of  Scotland,  Norway  and  France,  pieces  of  carved 
wood,  and  canoes  of  curious  design,  quite  foreign  to  the  people  of  the 
known  world.  Little  was  needed,  therefore,  to  convince  a  reflective 
mind,  like  that  of  the  great  explorer,  that  these  things  came  from 
lands  beyond  the  seas,  which  could  be  reached  by  sailing  westward. 

As  far  as  known,  Columbus  was  the  first  navigator  to  observe  the 
oceanic  currents;  having  noticed,  when  sounding  in  the  Sargasso  Sea, 
that  the  lead  appeared  to  recede  from  the  ship,  which  he  rightly 
interpreted  as  meaning  that  the  shij)  drifted  away  from  the  lead. 
Speaking  of  the  strong  currents  which,  on  his  later  voyages,  he 
noticed  in  the  Caribbean  Sea,  as  also  among  the  Antilles  and  off  the 
coast  of  Honduras,  he  says: 

"  When  I  left  the  Dragon's  Mouth  I  found  the  sea  ran  so  strongly 
to  the  westward  that  between  the  hour  of  Mass,  when  I  weighed 
anchor,  and  the  hour  of  Complines,  I  made  sixty -five  leagues  of  4 
miles  each  with  gentle  winds."  He  further  adds:  "  I  hold  it  for  cer- 
tain that  the  waters  of  the  sea  move  from  east  to  west,  with  the  sky, 
and  that  in  passing  this  track  they  hold  a  more  rapid  course  and  have 
thus  carried  away  larger  tracks  of  land,  and  that  from  hence  have 
resulted  the  great  number  of  islands." 
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It  was  about  this  time  that  Sebastian  Cabot  noted  the  Labrador 
current.  However,  the  first  authentic  mention  of  the  Gulf  Stream  is 
found  in  the  log  of  Antonio  De  Alaminos,  the  pilot  of  Ponce  de  Leon 
in  his  famous  expedition  for  the  Fountain  of  Life  in  1513.  Having 
set  out  from  Porto  Rico  he  crossed  the  stream  in  the  neighborhood  of 
Cape  Canaveral,  and,  after  reaching  latitude  W^  north,  he  turned  and 
coasted  as  far  as  Tortugas,  stemming  the  current  for  several  hundred 
miles.  The  log  says  that  they  met  currents  which  they  were  nnable 
to  stem  even  when  they  had  good  wipds;  and  though  they  appeared 
to  be  going  through  the  water  at  a  high  rate  of  speed  they  recognized 
that  they  were  really  drifting  backward,  and  that  the  stream  was 
stronger  than  the  wind.  It  states  further  that  when  these  vessels 
came  to  anchor  near  the  coast,  one  of  them,  a  brig,  being  in  water  too 
deep  to  anchor,  was  soon  carried  out  of  sight  by  the  stream. 

This  knowledge  subsequently  proved  of  great  value  to  Alaminos 
when  Cortez,  in  his  exiiedition  for  the  conquest  of  Mexico,  placed  him 
in  command  of  the  entire  fleet.  Later,  when  it  became  necessary  for 
Cortez  to  send  envoys  to  Spain  to  save  his  life,  he  gave  Alaminos  the 
speediest  vessel  of  the  fleet,  with  the  instructions  to  sail  to  the  north 
of  Cuba  and  into  the  Atlantic  through  the  Florida  Straits,  thus  uti- 
lizing the  Gulf  Stream.  This  route  subsequently  became  the  chief 
course  of  navigation  between  the  West  Indies  and  Europe,  and 
played  an  important  i)art  in  the  later  development  of  the  City  of 
Havana. 

Sir  Humphrey  Gilbert  in  some  of  his  writings  seeks  to  trace  the 
motion  of  the  waters  from  the  African  coast  to  America,  and  writes: 

"  The  current  runs  all  along  the  eastern  coast  of  that  coimtry  north- 
ward as  far  as  Cape  Freddo,  being  the  farthest  known  place  of  the 
same  continent  towards  the  north,"  from  which  he  concludes  that 
"it  must  either  flow  around  the  north  of  America  into  the  South  Sea, 
or  it  must  needs  strike  over  upon  the  coast  of  Iceland,  Norway  and 
Finland." 

He  accepted  the  former  theory  because  he  was  anxious  to  prove 
the  existence  of  the  northwest  jiassage. 

One  of  the  earliest  theories  advanced  to  account  for  the  Gulf 
Stream  appears  in  "La  Cosmographie, "  in  which  it  is  claimed  that 
the  currents  in  the  Sti-aits  of  Florida  are  caused  by  the  rivei's  empty- 
ing into  the  Gulf  of  Mexico.  John  White,  Governor  of  Eoanoke,  re- 
ferring to  a  voyage  from  Florida  Keys  to  Virginia  about  1590,  says: 
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"  We  lost  siglit  of  the  coast  and  stood  to  sea  for  to  gain  tlie  help  of 
the  currents,  which  runneth  much  swifter  farre  off  than  in  sight  of 
the  coast,  for  from  the  Cape  of  Florida  all  along  the  shore  are  none 
but  eddie  currents  setting  to  the  south  and  southwest." 

Thus  it  may  be  seen  that  at  this  early  date  the  existence  of  a 
swift,  powerful  current  was  known;  that  it  extended  from  Florida 
Keys,  "  oiit  of  sight  of  the  coast,"  northward  beyond  Virginia;  and, 
that  between  this  current  and  the  coast  were  "  eddie  currents  setting 
to  the  south  and  southwest."  In  other  words,  the  axis  of  the  Gulf 
Stream  had  been  located  and  the  contrary  current  flowing  southward 
adjacent  to  the  coast  noted. 

Isaac  Vassius  writes,  about  the  year  1663: 

"With  the  general  equatorial  current  the  waters  run  towards 
Brazil  along  Guyana  and  enter  the  Gulf  of  Mexico,  and  from  thence 
turning  obliquely,  they  jjass  rapidly  through  the  Straits  of  Bahama. 
On  the  one  side  they  bathe  the  coast  of  Florida  and  Virginia  and  the 
entire  shore  of  North  America,  and  on  the  other  they  run  directly  east 
until  they  reach  opposite  shores  of  Europe  and  Africa." 

Here  it  is  seen  that  the  writer  notices  the  entrance  of  the  currents 
into  the  Gulf  of  Mexico,  from  the  direction  of  the  Guyana  coast, 
through  the  Caribbean  Sea,  coming  into  the  Gulf  between  Cuba  and 
Yucatan. 

On  their  entrance  into  the  Gulf  he  points  out  that  they  increase  in 
rapidity,  "  turning  obliquely  "  towards  the  Straits  of  Florida  or 
Bahama.  Strange  as  it  may  seem,  these  observations  of  Vassius,  made 
as  long  ago  as  1663,  are  much  nearer  the  truth  than  those  of  writers 
as  late  even  as  to-day. 

It  is  interesting  to  compare  this  information  with  the  article  in  the 
"  Encyclopaedia  Britannica  "  on  the  Atlantic  Ocean  (see  Fig.  1).  Here 
it  is  stated  that  the  current 

"  l^asses  westwards  along  the  northern  coast  of  South  America  until 
it  is  deflected  northwards  by  the  coast  line  of  Central  America,  and  is 
driven  between  the  peninsula  of  Yucatan  and  the  western  extremity  of 
Cuba  into  the  Gulf  of  Mexico,  at  the  rate  of  from  30  to  60  miles  per  day. 
A  portion  of  it  i^asses  direct  to  the  northeast  along  the  northern  shore 
of  Cuba;  but  by  far  the  larger  part  swee^ss  round  the  Gulf,  following 
the  course  of  its  coast  line,  and  approaches  the  coast  of  Cuba  from  the 
northwest  as  a  broad  deep  stream  of  no  great  velocity,  seldom  running 
more  than  30  miles  i^er  day. " 

In  the  light  of  recent  investigation,  the  theory  of  Vassius  appears 
to  have  been  more  nearly  right.     From  the  time  of  Vassius  very  little 
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notice  seems  to  have  been  taken  of  the  Gulf  Stream  uatil  about  the 
year  1770  when  some  American  whalers,  sailing  from  the  Bahama 
banks,  southeast  to  the  Azores  and  north  to  Baffin's  Bay,  made  the  dis- 
covery that  the  whales  stayed  north  or  south  of  a  certain  line  which 
afterward  proved  to  be  the  Gulf  Stream. 

This  knowledge  was  communicated  to  American  navigators  who 
found  it  of  great  value  in  their  voyages  to  Europe.  About  this  time 
Benjamin  Franklin  took  up  the  matter  and  published  a  map  which 
was  rejected  by  the  British  Government  and  the  English  ship  cap- 
tains, who,  true  to  the  inherited  conservatism  of  their  nature,  contin- 
ued their  old  course,  often  arriving  at  New  York  when  American  ves- 
sels, which  had  left  England  at  the  same  time,  were  half  way  across 
the  Atlantic  on  their  return  voyage. 
Upon  the  outbreak  of  the  war  with 
England,  Dr.  Franklin  suppressed 
this  map,  but  the  knowledge 
gained  from  the  experience  of  the 
whalers  proved  to  be  of  the  greatest 
possible  advantage  to  the  infant 
navy  of  the  American  Colonies. 

Dr.  Franklin  now  made  a  num- 
ber of  voyages  across  the  Atlantic, 
and  from  this  time  dates  the  first 
truly  systematic  and  scientific  in- 
vestigation of  the  Gulf  Stream. 
After  noting  several  observations 
of  the  temperature  made  with  the  aid  of  the  thermometer,  Franklin  says : 

"  I  find  that  it  (the  Gulf  Stream)  is  always  warmer  than  the  sea  on 
each  side  of  it,  and  it  will  appear  Irom  thence  that  the  thermometer 
may  be  a  useful  instrument  to  the  navigator;  since  currents  coming 
from  the  northern  into  the  southern  seas  will  probably  be  found  colder 
than  the  water  of  those  seas,  as  the  currents  from  the  southern  seas 
are  apt  to  be  warmer." 

A.  von  Humboldt  next  published  a  remarkable  work  on  the  Gulf 
Stream,  in  which  he  maintained  that  it  was  not  the  same  at  all  seasons, 
but  depended  to  a  great  extent  upon  the  wind.  This  is  found  to  be 
true,  at  least  as  far  as  velocity  is  concerned. 

The  excerpt  on  page  91  is  taken  from  an  exhaustive  report  by 
Lieutenant  Pillsbury,  U.  S.  N. : 


Fig.  1. 
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"  During  the  first  quarter  of  this  century  the  British  Admiralty 
office  had  collected  a  great  quantity  of  material  on  the  subject  of  ocean 
currents  and  meteorology,  most  of  which  had  never  been  known  to  the 
public.  Mr.  James  Rennell,  who  had  devoted  his  life  to  the  subject 
of  geography  and  particularly  to  ocean  currents,  was  given  the  task  of 
compiling  and  collecting  data.  He  combined  the  results  on  large 
charts  of  the  ocean,  which  were  the  admiration  of  the  day.  He  also 
wrote  a  volume  entitled,  '  An  Investigation  of  the  Subjects  of  the  Cur- 
rents in  the  Atlantic  Ocean.' 

"  Major  Rennell  adopted  Dr.  Franklin's  theory  as  to  the  principal 
cause  of  ocean  currents,  and  divided  them  into  two  classes,  drift  cur- 
rents, caused  by  constant  or  long-continued  winds  on  the  surface  of 
the  water,  and  stream  currents  which  are  formed  by  the  accumulation 
of  water  by  the  drift  currents  meeting  an  obstacle  and  thrown  sideways 
or  out  of  its  usual  course.  The  Gulf  Steam  he  placed  in  the  latter 
class.  He  considered  the  water  in  the  North  Atlantic  a  drift  current 
impelled  by  the  prevailing  westerly  winds,  and  these  also  were  the 
cause  of  the  African  current." 

From  these  and  other  observations  Major  Rennell  draws  the  fol- 
lowing conclusions: 

(1)  "  That  there  existed  a  change  in  the  position  of  the  column  of 
warm  water  from  time  to  time  ";  (2)  "  that  the  breadth  varies  at  times 
in  the  proportion  of  more  than  two  to  one  ";  (3)  "that  these  changes 
had  been  observed  sometimes  to  be  very  sudden,  e.  g.,  on  one  occasion 
the  stream  had  been  found  to  be  140  miles  in  width,  and  in  two  weeks 
later  at  the  same  spot  it  was  320  miles;"  (4)  "  that  these  changes  did 
not  follow  any  regular  course  of  the  seasons,  for  it  was  320  miles  wide 
in  May,  1820,  and  only  186  miles  in  May,  1821,  nearly  at  the  same 
place;"  (5)  "  that  on  the  northern  side  of  the  stream  the  body  of  warm 
water  is  more  jDermanent  than  on  the  south,  and  that  the  warmest 
water  is  found  to  the  north,  as  if  indicating  the  strongest  part  of  the 
stream  there;"  (6)  "  that  the  existence  of  warm  water  does  not  neces- 
sarily indicate  the  presence  of  the  stream,  but  must  be  regarded  as  an 
overflow  or  deposit  of  superabundant  water;  or  even  from  a  counter 
current;"  (7)  "  that  there  are  without  doubt  veins  of  colder  water 
within  the  body  of  warm  currents." 

These  deductions  of  Major  Rennell  were  avast  advance  upon  any- 
thing that  had  previously  been  attempted.  True,  some  of  them  are 
faulty,  but  it  must  be  remembered  that  the  temperature  observations 
were  those  of  the  surface,  and  that  surface-water,  impelled  by  a  gale 
of  wind,  will  traverse  many  hundreds  of  miles  in  a  short  space  of  time. 
Besides  this,  his  conclusions  were  gathered  from  totally  unconnected 
data,  such  as  reports  of  merchantmen,  naval  officers,  and  ship  captains 
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of  all  classes,  whose  observations,  especially  for  longitude,  were  often 
careless  in  method  and  detail.  A  period  of  about  twenty  years  elapsed 
before  anything  further  was  accomplished  in  the  exploration  of  the 
Gulf  Stream.  Then,  in  the  year  1844,  Professor  A.  W.  Bache,  of  the 
United  States  Coast  Survey,  began  the  first  really  scientific  and  com- 
prehensive survey  of  this  great  ocean  river. 

Origin  of  Ocean  Currents. — It  will  be  necessary  to  notice  some  of 
the  more  important  theories  advanced.  Columbus  held  the  oi^inion 
that  the  waters  followed  the  motions  of  the  heavens  abovit  the  earth, 
in  which  view  Sir  Humphrey  Gilbert  concurred.  Kepler  believed  the 
flow  of  the  currents  to  be  considerably  influenced  by  the  motion  of 
the  earth;  the  cohesion  of  the  particles  of  water  being  less  than  that 
of  land,  the  water  was  naturally  left  behind  in  the  revolution  of  the 
earth  on  its  axis. 

The  scientific  world  at  that  time  was  considerably  agitated  by  the 
opposing  theories  of  Passine  and  Furnier.  The  former  held  that  the 
currents  were  caused  by  the  heat  of  the  sun  attracting  the  ocean, 
forming  an  immense  mountain  of  water,  which  vessels  had  great 
difficulty  in  ascending.  He  thought  that  this  mountain  moved  con- 
stantly westward  until  it  met  the  South  American  coast,  which  turned 
it  and  caused  it  to  move  northwestward.  Furnier,  on  the  contrai*y, 
claimed  that  the  sun  caused  an  immense  hole  to  be  made  by  evapora- 
tion into  which  the  waters  rushed,  thus  causing  the  currents.  Like 
the  fable  of  the  two  knights  on  opjoosite  sides  of  the  statue,  they  were 
both  right  to  a  certain  extent. 

Kircher,  a  learned  mathematician  of  Wurzburg,  attributed  the  cur- 
rents to  the  eff"ect  of  the  winds,  which,  when  deflected  by  the  shore 
line,  formed  currents  now  designated  as  stream  currents.  He  also 
noticed  the  influence  of  the  moon  on  these  currents. 

Dr.  Franklin  strongly  advocated  the  theory  that  the  constant  winds 
blowing  toward  South  America  caused  a  rising  in  the  level  of  the 
water,  which,  being  deflected  mostly  northward,  entered  the  "  Bay  of 
Mexico,"  flowing  north  of  Cuba,  and  from  thence  to  the  Banks  of 
Newfoundland.  Von  Humboldt  attributed  the  Gulf  Stream  to  the 
winds,  the  melting  of  ice  in  the  polar  regions,  and  the  revolution  of 
the  earth  on  its  axis. 

Lieutenant  Maury,  U.  S.  N. ,  in  his  valuable  work  entitled  "  Phy- 
sical Geography  of  the  Sea,"  says  that  the  ocean  currents  are  due  to 
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various  causes,  the  more  imijortant  of  which  are:  first,  the  difference 
in  the  specific  gravity  of  sea  water  in  the  tropics  and  in  the  polar 
I'egions;  second,  the  influence  of  the  winds.     He  says: 

"Difference  of  specific  gravity  is  the  c7«'e/ cause.  Whenever  the 
waters  in  one  part  of  the  sea  differ  in  specific  gravity  from  the  waters 
in  another  part,  no  matter  from  what  cause  the  difference  may  arise, 
or  how  great  may  be  the  distance  betM'een  two  such  j)arts  of  the  sea, 
the  heavier  water  will  flow  (by  the  shortest  route)  towards  the  lighter; 
and  the  lighter  in  its  turn  will  seek  the  place  from  whence  the  heavier 
came." 

"In  other  words,  from  whatever  jjart  of  the  sea  a  current  flows, 
back  to  that  part  a  current  of  equal  volume  must  flow." 

He  then  introduces  two  qualifying  theories  to  exi)lain  the  western 
flow  of  the  equatorial  current,  viz. ,  the  rotation  of  the  earth  and  the 
winds.  There  is  no  doubt  that  the  evaj^oration  in  mid-Atlantic,  in 
the  latitude  of  Cape  St.  Roque,  between  the  continents  of  Africa  and 
South  America,  far  exceeds  the  precipitation,  and  consequently  the 
specific  gravity  there  must  be  greater  than  that  of  either  the  Ai'ctic 
or  Antarctic  Oceans,  which  are  little  more  than  brackish. 

If,  therefore,  Lieut.  Maury  is  correct  in  his  supposition,  that  the 
difference  of  specific  gravity  is  the  chief  cause  of  oceanic  circulation, 
then  there  would  necessarily  be  a  flow  of  the  heavier  saline  waters 
from  the  equator  direct  to  the  south  and  north,  and  a  consequent 
return  of  the  lighter  and  fresher  waters  from  the  polar  regions. 

Such,  however,  is  not  the  case,  and  to  account  for  the  flow  of  ocean 
currents  another  cause  than  that  of  specific  gravity  must  be  sought. 
This  cause  will  be  found  in  the  winds  which  blow  constantly  from 
Africa  to  South  America  and  the  West  Indies.  The  equatorial  current 
moves  directly  west,  unaffected  by  its  specific  gravity.  The  rotation 
of  the  earth  doubtless  does  affect  the  ocean  currents,  but  its  effect  is 
far  less  than  that  of  the  winds.  Specific  gravity  too  may  be  a  consid- 
erable aid  to  oceanic  circulation,  but  it  is  a  mistake  to  suppose  it  to 
be  the  prime  cause.  Difference  of  barometric  pressure,  especially  in 
shallow  bays  and  gulfs,  perceptibly  affects  the  currents  by  accelera- 
ting or  retarding  their  velocity.  The  effect  of  this  force  is  seen  to  be 
very  great  when  it  is  remembered  that  a  difference  of  1  in.  in  the 
barometer  will  be  accompanied  by  a  difference  in  the  elevation  of  the 
Gulf  of  more  than  a  foot.  Taking  into  consideration  the  vast  quantity 
of  water  involved  in  such  elevation,  one  can  realize  something  of  the 
tremendous  volume  which  pours  into  the  Atlantic. 
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Circulation  in  the  Gulf  of  Mexico. — Having  reviewed  the  history  of 
the  Gulf  Stream  investigation  and  the  more  imi^ortant  of  the  theories 
advanced  to  account  for  its  origin,  the  original  question,  concerning 
the  course  followed  by  the  currents  between  the  time  of  their  entrance 
into  the  Gulf  of  Mexico  at  Yucatan,  and  their  dej>arture  through  the 
Straits  of  Florida,  will  be  considered. 

The  question  has  never  been  regarded  as  satisfactorily  answered, 
and  it  is  a  remarkable  fact  that  even  eminent  authorities  like  Maury 
and  Pillsbury  seem  to  evade  it.     Maury  says  : 

"  It  (the  current)  enters  the  Caribbean  Sea  and  the  Gulf  of  Mexico, 
from  whence  it  issues  through  the  Straits  of  Florida  as  the  well-known 
Gulf  Stream." 

Lieutenant  Pillsbury  says  in  his  report,  page  591  : 

"  We  have  thus  followed  the  water  driven  by  the  vis  a  tergo  of  the 
trade  winds  from  the  coast  of  Africa  to  the  Yucatan  Channel,  from 
which  it  flows  into  the  Gulf  of  Mexico  and  through  the  Straits  of 
Florida  into  the  Atlantic." 

Reference  has  already  been  made  to  the  popular  opinion,  as  ex- 
pressed in  the  "  Encyclopaedia  Britanniea,"  viz.,  that  the  waters  come 
in  through  the  Yucatan  Channel  and  follow  the  coast  line  of  Mexico 
and  Texas,  finally  departing  through  the  Florida  Straits;  but  a  more 
reasonable  suggestion  is  found  in  the  report  of  the  Superintendent  of 
the  United  States  Coast  Survey  jjublished  in  1895,  in  which  he  states 
that  the  waters  of  the  Gulf  of  Mexico  are  "erratic  in  direction,  and 
feeble  in  force,"  and  suggests  what  appears  to  be  the  correct  theory, 
that  the  directions  of  the  currents  entering  and  leaving  the  Gulf  are 
dej^endent  upon  the  declination  of  the  moon  and  certain  conditions  of 
barometric  pressure. 

The  winds  can  have  but  little  influence  over  the  waters  in  passing 
through  these  channels,  as  they  are  deep-streamed  currents,  flowing 
at  a  probable  depth  of  from  1  000  to  1  500  fathoms;  but  the  circulation 
in  the  Gulf  is  unmistakably  dependent  to  a  large  extent  upon  the  winds. 

It  was  once  thought  by  many  that  the  Mississippi  Eiver  was  the 
"fountain-head  of  the  Gulf  Stream  "  and  caused  a  circular  motion  in 
the  Gulf  by  flowing  direct  from  its  mouth  to  the  Straits  of  Florida. 
The  absurdity  of  this  idea  is  readily  seen  from  the  fact  that  the 
amount  of  water  emptied  into  the  Gulf  by  this  river  is  only  0.36  cubic 
mile  per  twenty-four  hours,*  while  the  amount  received  through  the 
*  Humphreys  and  Abbot. 
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Yucatan  Channel  is  652  cubic  miles  in  the  same  length  of  time.  This 
fancy  is  still  further  disposed  of  by  the  discovery  that  the  current  of 
the  Mississippi  enters  the  western  part  of  the  Gulf  and  flows  in  a 
southwesterly  direction. 

Here  is  a  good  illustration  of  the  opportunity  afforded  of  tracing  a 
stream  of  fi'esh  water  into  the  sea  by  means  of  the  difference  of 
density;  for  by  this  means  the  waters  of  the  Mississiijpi  are  easily 
traceable  from  its  mouth  in  a  southwesterly  direction,  to  a  jjoint  only 
a  little  south  of  the  latitude  of  the  Rio  Grande,  and  not  far  east  of  the 
longitude  of  Galveston. 

The  specific  gravity  theory  will  now  be  considered.  The  specific 
gravity  map  of  the  Gulf  *  shows  that  the  line  of  maximiim  density  ex- 
tends from  about  300  miles  north  of  Yucatan  nearly  west  to  the  eastern 
shores  of  Mexico.  The  northern  half  of  the  Gulf  is  quite  light,  except 
off  the  western  coast  of  Florida.  If,  then,  this  specific  gravity  theory 
be  the  right  one,  there  will  be  a  flow  from  the  east,  southeast  and 
south  toward  the  north  and  northwest.  This,  to  a  certain  extent,  is 
true,  especially  where  the  motion  of  the  waters  is  accelerated  by  the 
prevailing  winds  which  produce  drift  currents  along  the  northern  and 
western  shores  of  the  Gulf.  For  nearly  ten  months  in  the  year  these 
winds  blow  constantly  from  the  south  to  a  little  north  of  east  and  for 
at  least  nine  months  they  seldom  ever  change  from  the  southeast. 
During  these  months  it  is  not  only  constant,  but  strong,  and  causes 
the  waters  to  move  toward  the  northwest.  When  they  reach  the 
northern  part  of  the  Gulf  they  are  deflected  by  the  shore  line,  and 
move  westward.  On  the  other  hand,  the  waters  from  the  southwestern 
part  impinge  on  the  coast  of  Mexico,  and  i^roduce  the  current  which 
flows  north  along  the  shores  of  Mexico  and  Texas. 

These  two  currents  meet  in  the  western  part  of  the  Gulf,  raising  the 
surface  and  thereby  producing  a  return  current  which  passes  south 
and  eastward  toward  the  Straits  of  Florida.  The  current  along  the 
coast  of  Mexico  is  feeble  in  force  near  its  starting  point,  off  the  west  of 
the  Yucatan  peninsula,  but  gradually  increases  until  it  reaches  its 
maximum  velocity  between  Tampico  and  the  Rio  Grande,  where  it 
flows  at  the  rate  of  3  miles  an  hour,  and  then  continues  to  diminish 
until  it  meets  the  contrary  current  from  the  east. 

The  circulation  of  the  waters  in  the  Gulf  is  shown  in  Fig.  2. 
*  Report  of  the  United  States  Coast  Survey  for  1895,  p.  369. 
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A  considerable  agitation  of  the  waters,  covering  an  area  of  about 
100  square  miles,  occurs  off  the  west  coast  of  Texas,  about  40  miles 
south  and  20  miles  east  of  Aransas  Pass,  which  can  only  be  accounted 
for  as  resulting  from  the  meeting  of  two  opposing  currents.  In  the 
immediate  neighborhood  of  this  phenomenon  the  coast  is  covered 
with  debris  of  every  description,  among  which  the  fir  tree  of  Wis- 
consin, the  palmetto  of  Florida,  the  cocoanut  and  other  jDroducts 
peculiar  to  the  tropical  regions  of  the  South  are  found  lying  side  by 
side. 

The  chief  obstacle  to  harbor  improvements  along  the  coast  of 
Texas  is  the  vast  quantity  of  sand  which,  being  stirred  up  and  held  in 
suspension  by  the  waves,  is  carried  by  the  currents  and  deposited  in 
the  channels  of  harbors.  A  cur- 
rent, to  carry  heavy  sands,  must 
have  a  bottom  velocity  of  about  2 
ft.  per  second,  thus  necessitating 
a  much  greater  surface  velocity, 
which  it  IS  known  these  currents 
do  not  have,  of  themselves,  under 
ordinary  circumstances,  as  they 
rarely  move  faster  than  2^  miles 
per  hour.  Therefore,  it  is  con- 
cluded that  the  wave  action  must 
be  the  chief  factor  in  the  dislodge- 
ment  of  the  sands,  and,  in  connec- 
tion with  the  littoral  currents, 
determines  the  position  and  form  of  harbor  jetties. 

The  author's  attention  was  first  attracted  to  the  littoral  currents 
by  the  construction  of  a  north  jetty  at  Aransas  Pass,  Texas,  in  1895. 
Prior  to  that  time  attempts  had  been  made  to  obtain  deep  water  by 
the  construction  of  jetties  on  the  south  side  of  the  channel,  but  they 
failed  through  the  lack  of  capital  required  for  their  completion. 

In  that  year  the  Aransas  Harbor  Company  built  a  jetty  in  the  form 
of  a  letter  S,  on  the  north  side  of  the  channel,  running  east  and  west 
half  a  mile  from  the  southeast  extremity  of  St.  Joseph  Island.  This 
work  was  conducted  upon  the  supposition  that  the  littoral  current 
came  from  the  north,  and  that  it  would  be  so  deflected  by  the  jetty  as 
to  enter  Aransas  Bay  between  the  western  end  of  the  jetty  and  St. 


Fig.  2. 
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Josei^li  Island.  It  was  further  imagined  that  during  ebb  tide  this 
current  would  meet  the  outgoing  current  in  the  Pass,  thus  neutraliz- 
ing both  velocities  and  i^reventing  the  outward  floAv  from  jjassing 
north  of  the  jetty;  or,  if  the  ebb  current  was  the  stronger,  they  would 
pass  out  through  the  channel  on  the  south  side  of  the  jetty. 

Long  before  this  work  was  completed  the  author  became  satisfied 
that  the  littoral  current  came  from  the  south,  as,  by  a  series  of  ex- 
periments, he  had  previously  proved  to  be  the  case  at  Pass  Cavallo, 
not  far  north  of  Aransas  Pass,  where  the  conditions  were  the  same. 

When  the  jetty  was  completed  it  was  found  that  there  was  less 
water  in  the  channel  than  before  the  work  began.  Colonel  Goodyear, 
the  last  contractor,  recognized  the  mistake  that  had  been  made,  and 
proceeded  to  finish  the  jetty  on  the  south  side  of  the  Pass,  thus  ex- 
cluding the  drift  sand  brought  in  by  the  currents  and  waves  from  the 
south,  with  the  gratifying  result  that  the  author's  latest  survey,  made 
m  June,  1897,  showed  a  marked  increase  in  the  depth  of  the  channel. 
Further  evidence  is  unnecessary  to  establish  the  fact  that,  at  this 
point,  at  least,  the  littoral  currents  flow  from  the  south. 

If  the  jetty  construction  upon  the  coasts  of  Texas  and  Mexico  is 
examined,  it  will  be  found  that  these  currents  maintain  a  uniformly 
northern  course  from  Tampico  to  Galveston,  where  they  meet  those 
coming  from  the  westward  from  the  mouth  of  the  Mississijjpi. 

At  Tampico  the  south  jetty  was  built  first  in  order  to  protect 
the  channel  from  southern  sand-bearing  currents.  At  Brazos, 
Santiago,  Texas,  the  same  thing  was  done.  Lieutenant  G.  A.  Zimm,* 
writes : 

"  The  direction  of  the  channel  across  the  bar  depends  upon  the 
direction  of  the  winds  and  littoral  currents.  During  nine  months  of 
the  year  southerly  winds  blow  and  there  is  a  littoral  current  from  the 
south." 

The  same  thing  is  noticed  on  the  sketch  accompanying  Captain 
McClellan's  report  on  this  harbor  in  1853.  At  Pass  Cabal  only  one 
jetty  was  built,  and  that  was  also  placed  on  the  south  side.  A  jetty 
was  commenced  at  the  mouth  of  the  Brazos  Eiver  on  the  north  side, 
but  Major  Ernst,  in  his  "report  of  September  6th,  1887,  remarks  : 

*'  The  map  of  recent  survey  shows  the  channel,  instead  of  running 
southeast  in  the  direction  intended,  turned  oflf  at  a  right  angle  and 
running  northeast  across  the  jetty." 

*  Annual  Report  of  Chief  of  Engineers,  U.  S.  A.,  page  1330. 
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At  Galveston  the  South  Jetty  was  built  first.  At  passes  east  of 
Galveston,  however,  the  jetties  are  almost  invariably  constructed  on 
the  east  side,  to  check  the  sand-bearing  currents  in  their  westward 
flow.  Among  these  may  be  mentioned  Calcasieu  River  Pass,  La.  ;* 
also  Sabine  River  Pass. f 

It  is  well  known  that  at  the  mouth  of  the  Mississippi  the  littoral 
currents  flow  from  the  east.  Hence,  it  may  be  concluded  that  the 
currents  flowing  westward  are  on  the  northern  shore  of  the  Gulf,  and 
those  flowing  north  along  the  western  shore  meet  at  some  point  near 
Galveston,  the  location  of  which  is  variable,  as  it  is  dependent  upon 
the  direction  and  force  of  the  winds. 

Summing  up  these  observations  of  the  Gulf  currents,  it  is  found 
that  there  is  abundant  evidence  of  the  presence  of  two  sets  of 
currents  in  the  Gulf  of  Mexico,  viz. ,  deep-stream  currents  and  littoral- 
drift  currents. 

The  former  enter  the  Gulf  through  the  Yucatan  Channel,  and, 
under  certain  barometric  and  planetai'y  conditions,  pass  by  the 
western  extremity  of  Cuba  and  flow  out  through  the  Straits  of 
Florida,  or  else,  under  converse  planetary  and  atmospheric  condi- 
tions, they  spread  out  over  the  Gulf  in  all  directions,  moving  on  its 
center. 

The  littoral-drift  currents  are  originated  through  the  agency  of 
the  prevailing  southeast  winds  and  flow  northward  along  the  western 
boundary  of  the  Gulf,  and  west  along  the  northern  boundary,  meeting 
in  the  A'icinity  of  Galveston  and  forming  a  stream-current  which 
flows  in  a  southeasterly  direction  toward  the  Straits  of  Florida. 

In  the  past  there  has  been  far  too  little  attention  jjaid  to  the 
motion  of  the  Gulf  waters.  Were  they  better  understood,  there  can 
be  no  doubt  that  vast  sums  of  public  and  private  capital  might  have 
been  expended  more  judiciously  than  they  have  been,  resulting  in 
more  real  and  lasting  good  to  the  people  of  the  coast  country.  If, 
therefore,  this  pajier  is  the  means  of  inducing  a  greater  interest  in 
these  Gulf  currents,  which  have  such  a  direct  and  important  bearing 
on  trade  and  commerce,  the  author  will  feel  that  it  has  successfully 
accomplished  its  mission. 

*  Report  of  Major  W.  H.  Heuer,  1886. 
t  Report  of  Secretary  of  War  for  1895. 
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DISCUSSION. 


L.  M.  Haupt,  M.  Am.  Soc.  C.  E. — The  title  of  the  paper  is  broad,  Mr.  Haupt. 
and  the  research  shown  in  jjresenting  the  subject  is  commendable. 
It  is  true  that  the  engineer  should  ascertain  the  remote  as  well  as  the 
immediate  causes  operating  to  produce  certain  observed  effects,  in  order 
that  he  may  properly  apply  them  to  the  wants  of  man. 

It  is  also  true  that  unless  a  correct  diagnosis  is  made  of  the  effects 
and  their  causes,  one  may  readily  fall  into  errors  in  reaching  con- 
clusions, and  errare  est  hiananum. 

Turning  first  to  the  general  theory  advanced  by  the  author,  it  be- 
comes necessary  to  refer  to  the  physical  features  of  the  gulf  littoral  to 
interpret  his  description  correctly. 

The  author,  in  the  opening  of  his  paper,  contravenes  the  "com- 
monly received  theory,"  that  the  currents  "  flowing  in  from  the  South 
Atlantic  pass  the  north  shore  of  Yucatan,  follow  the  coast  line  of 
Mexico  and  Texas  in  a  northwesterly  direction,  and  finally  escape 
through  the  Straits  of  Florida." 

In  his  subsequent  exposition  of  his  own  theory  the  author  admits 
the  correctness  of  the  direction  of  ingress  and  egress,  leaving  in  dis- 
pute the  disposition  of  the  currents  in  the  basin  of  the  Gulf  when  he 
says  that  under  certain  conditions  they  flow  (1)  northeasterly  around 
the  west  coast  of  Cuba  and  pass  ofi"  directly  into  the  Straits;  or  (2)  un- 
der opposite  conditions  "  they  spread  out  in  all  directions,  moving  on 
its  center;  thence,  being  deflected  by  the  outward  flow  of  contrary  cur- 
rents, they  also  j^ass  through  the  Straits  of  Florida  as  the  Gulf  Stream. " 

This  leaves  the  matter  in  rather  a  chaotic  condition  as  to  the  origin 
of  the  counter  deflecting  currents  and  the  direction  of  the  resultant 
littoral  movements. 

Passing  the  history  of  the  origin  of  the  Gulf  Stream,  and  turning  to 
page  95,  the  author  states  with  reference  to  the  specific  gravity  theory : 
"If,  then,  this  specific  gravity  theory  be  the  right  one,  there  will  be  a 
flow  from  the  east,  southeast  and  south  toward  the  north  and  north- 
west. This  to  a  certain  extent  is  true,  especially  where  the  motion  of 
the  waters  is  accelerated  by  the  prevailing  winds,"  which  are  said  to 
prevail  for  nine  months  in  the  year.  "  They  seldom  ever  change  from 
the  southeast.  During  these  months,  it  is  not  only  constant,  but  strong, 
and  causes  the  waters  to  move  toward  the  northwest."  This  leaves 
us  in  a  qiiandary.  If  that  is  the  resultant  direction  and  flow  for  nine 
months  of  the  year,  the  question  naturally  arises  as  to  the  disj^osition 
of  all  this  water,  and  why  is  Texas  not  inundated?  But  this  is  ex- 
plained as  follows:  "When  they  reach  the  northern  part  of  the  Gulf 
they  are  deflected  by  the  shore  line,  and  move  westward.  On  the 
other  hand,  the  waters  from  the  southwestern  part  impinge  on  the 
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Mr.iHaupt.  coast  of  Mexico,  and  produce  a  current  wliicli  flows  north  along  the 
coast  of  Mexico  and  Texas."  That  is  on  the  portion  of  the  coast 
south  of  Tampico.  These  two  currents,  as  he  explains,  meet  in  the 
western  part  of  the  Gulf,  raising  the  surface,  and  produce  a  return  cur- 
rent, passing  south  and  east  toward  the  coast  of  Florida.  Conse- 
quently there  must  be  two  conflicting  currents  moving  in  nearly  op- 
posite directions,  one  of  them  nine  months  in  the  year,  and  the  other 
effecting  its  escape  across  the  path  of  the  first  in  some  unexplained 
manner.  No  attention  is  paid  apparently  to  the  vertical  movement  of 
the  currents,  which  is  a  very  important  factor  in  all  these  studies.  As 
an  illustration  of  that,  attention  is  directed  to  the  Narrows  in  New 
York  Bay,  where  the  maximum  movement  is  apparently  outward; 
whereas,  the  inward  or  flood  movement  prevails  in  the  bottom  of  that 
gorge  for  eleven  hours  out  of  the  twelve.  There  is  a  vertical  eddy  at  that 
jDoint,  and  material  deposited  in  the  Lower  Bay  is  carried  to  the  Upper. 


~^$^-^ 


Fig.  3. 


The  author  continues:  "  The  current  along  the  coast  of  Mexico  is 
feeble  in  force  near  its  starting  jjoiut,  off  the  west  of  the  Yucatan 
peninsula,  but  gradually  increases  until  it  reaches  its  maximum  velocity 
between  Tampico  and  the  Rio  Grande,  where  it  flows  at  the  rate  of  3 
miles  an  hour."  But  what  becomes  of  it?  The  diagram  (Fig.  2) 
shows  it  to  be  reflected  toward  the  center  of  the  Gulf,  where  it  is  met 
by  the  entering  currents  off"  Yucatan. 

These  were  some  of  the  thoughts  suggested  by  a  perusal  of  the 
paper.     They  leave  the  matter  in  an  unsatisfactory  condition,  but  it 
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is  an  important  as  well  as  an  interesting  question  from  a  theoretic  and  Mr.  Haupt. 
scientific  standpoint. 

It  may  be  apropos  to  suggest  a  theory  of  circulation  which  may  fit 
the  case.  Let  it  be  assumed  that  the  impelling  stream  enters  the  Gulf 
as  a  rack  would  enter  between  two  gears  or  pinions.  As  it  comes  in,  the 
currents  are  dispersed  to  the  right  and  left  into  these  lateral  basins, 
where,  being  diverted  by  the  configuration  of  the  coast,  eddies  will  be 
formed  of  greater  or  lesser  magnitude,  the  one  to  the  right,  the  other 
to  the  left,  while  the  movement  of  the  water  in  the  isolated  or  protected 
bay  west  of  Yucatan  will  take  up  a  reverse  direction,  so  that  the  cur- 
rents from  this  overflow,  one  hugging  the  northwest  shore,  the  other 
the  southwest,  will  form  a  resultant  uniting  again  with  the  main 
stream,  and  this  action  seems  to  conform  very  closely  to  the  observed 
results.  In  other  words,  under  this  theory,  there  should  be  three 
large  eddies  in  the  Gulf  which  indicate  the  direction  of  the  flow  of  the 
currents  as  shown  by  the  letters  A  B  CD  —  E  G  D  —  A  H I J —  A 
B'  K  (Fig.  3). 

Coming  to  the  jsractical  applications,  which,  of  course,  are  the  more 
important  factors  for  engineers,  a  map  j)ublished  in  the  reports  of  the 
Chief  of  Engineers  shows  the  i3eculiar  feature,  that  at  all  of  these 
Texas  entrances,  the  discharge  through  the  ebb  channel  or  the  main 
ship  channel  lies  in  the  direction  of  the  meridian,  that  is,  nearly  due 
north  and  south.  This  is  very  suggestive  because  it  shows  that  as  the 
western  bight  of  the  bay  is  approached,  the  channel  is  found  to  lie 
nearer  the  western  shore.  The  position  of  the  channel  with  reference 
to  the  inlet  is  an  important  characteristic.  It  is  fully  discussed  in  the 
13aper  on  "  Physical  Phenomena  of  Harbor  Entrances."*  In  a  case  of 
that  kind  the  indications  would  be  that  it  is  the  resultant  of  a  littoral 
movement,  taking  the  seasons  through  for  the  entire  year,  and  the  ebb 
ciirrents  would  be  flexed  to  the  south,  while  the  bar  crossing  would  be 
at  the  point  of  least  resistance.  That  being  the  case  it  furnishes  the 
key  to  the  solution  of  these  harbor  problems,  and  the  development  re- 
cently made,  or  proposed  to  be  made,  in  this  science  is  to  create  the 
dejjths  by  the  single  jetty  instead  of  two,  as  formerly. 

The  continental  practice  has  been  to  attempt  to  utilize  the  ebb  cur- 
rents by  concentration  between  two  jetties,  so  that  the  currents  may 
scour  out  between  them,  but  it  has  not  been  found  satisfactory  in  the 
long  experience  of  maritime  engineers.  It  invariably  happens  that 
wherever  two  jetties  of  that  kind  are  built,  they  have  to  be  extended 
as  the  groins  connecting  them  with  the  shore  fill  with  sand. 

A  more  recent  examination,  made  August  2d,  by  H.  C.  Eipley,  M. 
Am.  Soc.  C.  E. ,  and  the  writer,  at  a  season  when  the  southeast  winds 
tend  to  build  up  the  bar,  showed  a  remarkable  deepening  and  a  pro- 
gressive and  rapid  improvement  in  the  channel,  there  being  over  18  ft. 

*  Proceedings,  American  Philosophical  Society,  1888. 
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Mr.  Haupt  at  points  where  there  were  formerly  but  8  ft.  The  pilots  report 
deeper  water  on  the  bar  than  they  have  ever  known  to  exist. 

These  facts  would  seem  to  refute  the  statement  of  the  author  that 
a  mistake  had  been  made  and  that  the  results  of  the  work  were  inju- 
rious. 

There  are  a  few  points  in  the  paper  which  the  sjieaker  is  unable  to 
reconcile  with  the  well-known  and  accepted  phenomena  at  the  Gulf 
inlets,  and  which  are  fully  confirmed  by  the  Reports  of  the  United 
States  Engineers  and  the  comparisons  of  the  Coast  Survey  charts. 
This  confusion  may  arise  from  a  failure  to  make  a  clear  distinction 
between  the  off-shore  and  littoral  currents,  which  would  seem  to  have 
resultant  motions  in  oj^jaosite  directions;  but,  however  this  may  be, 
it  is  generally  assumed  that  the  motion  of  a  body  is  in  the  direction 
of  the  resultant  of  the  component  forces  acting  ujjon  it.  This  being 
a  physical  law,  the  direction  of  movement  of  the  inlets  (when  imre- 
stricted)  should  indicate  the  direction  of  the  forces  causing  that  effect. 
Hence,  when  it  is  found  that  an  inlet  is  moving  to  the  south,  it  is 
difficult  to  understand  how  the  littoral  currents  (producing  that  pro- 
gression) flow  from  the  south.  For  example,  the  case  cited,  Aransas 
Pass,  has  unquestionably  moved  over  a  mile,  in  25  years,  to  the  south, 
the  average  rate  being  stated  as  260  ft.  per  annum.  This  being  a  fact, 
it  is  difficult  to  understand  how  the  impelling  force  can  flow  from  the 
south. 

The  author  makes  several  statements  as  to  the  ^S  shaped  jetty, 
which,  he  remarks,  was  built  "on  the  supposition  that  the  littoral 
current  came  from  the  north,"  etc.  As  the  originator  of  this  design 
and  one  of  the  consulting  engineers,  who  has  been  kept  well  informed 
as  to  progress  and  results,  the  speaker  regrets  to  have  to  take  excep- 
tion to  the  accuracy  of  the  statements  which  his  colleague  has  thus 
publicly  made,  and  desires  to  make  the  necessary  corrections,  serialivi. 

The  author  states  : 

"Long  before  this  work  was  completed  the  author  became  satisfied 
that  the  littoral  current  came  from  the  south,  as  *  *  *  at  Pass 
Cavallo,     *     *     *     where  the  conditions  were  the  same. " 

As  this  work  is  still  far  from  being  completed,  it  would  seem  unjust 
to  deduce  conclusions  therefrom,  inasmuch  as  the  breakwater  was  not 
designed  to  change  the  direction  of  the  littoral  drift,  from  north  to 
south,  and  has  not  done  so,  but  to  utilize  its  agencies;  first,  to  arrest 
the  sand  and  defend  the  channel  from  its  encroachments;  while,  sec- 
ondly, it  applied  the  changed  conditions  of  equilibrium,  which  it 
created  in  the  currents,  to  cause  a  rapid  erosion  at  ebb,  by  reaction, 
across  the  crest  of  the  bar.  So  remarkable,  indeed,  were  these  results 
that  in  less  than  three  months  about  half  of  the  bar  was  removed  by 
natural  scour,  without  any  advance  seaward,  and  an  increase  of  depth 
of  over  4  ft.  was  secured,  and  all  from  a  structure  not  then  half  com- 
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Mr.  Haupt. 
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Mr.  Haupt.  pleted.     Sucli  a  result  is  unprecedented  in  the  annals  of  harbor-bar 
removal  by  natural  agencies. 

It  may  excite  curiosity,  therefore,  to  discover  wherein  lies  the  truth 
of  the  statements  contained  in  the  next  paragraph,  as  follows: 

"When  the  jetty  was  completed  it  was  found  that  there  was  less 
water  in  the  channel  than  before  the  work  began.  Colonel  Goodyear, 
the  last  contractor,  recognized  the  mistake  that  had  been  made,  and 
proceeded  to  finish  the  jetty  on  the  south  side  of  the  Pass,  thus  exclud- 
ing the  drift  sand  brought  in  by  the  currents  and  waves  from  the 
south,  with  the  gratifying  resiilt  that  the  author's  latest  survey,  made 
in  June,  1897,*  showed  a  marked  increase  in  the  depth  of  the  channel. 
Further  evidence  is  unnecessary  to  establish  the  fact  that,  at  this 
point,  at  least,  the  littoral  currents  flow  from  the  south." 

This  would  seem  to  point  out  the  danger  of  generalizing  from 
special  cases,  for,  while  the  sand  does  drift  at  certain  periods  of  the 
year,  to  a  limited  extent,  from  the  south,  its  resultant  direction  is 
from  the  opposite  quarter.  As  to  the  correction  of  "  the  mistake  "  by 
the  completion  of  the  south  jetty  by  Colonel  Goodyear,  there  is  no  room 
for  great  differences  of  opinion.  If  this  south  jetty  was  completed,  it 
was  not  platted  on  the  surveys  and  was  never  reported  to  the  con- 
sulting engineers,  who  were  merely  advised  that  some  sand-bag  revet- 
ments were  i^laced  on  the  south  bar  to  temporarily  concentrate  the 
ebb  currents  on  the  real  cause  of  the  diflSculty ,  viz. ,  the  old  Govern- 
ment jetty  covered  with  rock,  and  the  curved  portion  of  which  was 
reported  to  have  "practically  disappeared  "  seven  years  before  this 
work  was  located,  but  which,  unfortunately  for  the  people  of  Texas, 
was  discovered  to  be  in  place  lying  directly  across  the  channel  at 
depths  varying  from  "  8  to  14  ft.,"  and  which  no  current  could  remove. 
It  was  found  to  act  as  an  effectual  retaining  wall  and  barrier  to  the 
acquisition  of  the  requisite  depths,  and  the  plan  has  been  officially 
condemned  because  the  15  ft.  predicted  for  this  half-finished  portion 
was  not  secured,  but  without  recognition  of  the  fact  that  this  ob- 
struction, placed  in  the  channel  by  former  engineers  and  reported  to 
have  disappeared,  still  remains  in  place  and  is  the  cause  of  the  failure 
to  secure  15  ft.  by  scour. 

As  already  remarked,  the  jetty  was  never  completed  and  the  outer 
end  of  the  channel  is  unprotected  (see  Figs.  4  and  5),  so  that  the  bar 
formation  at  and  beyond  this  old  jetty  is  not  under  the  control  of  the 
currents,  and  consequently  this  portion  of  the  bar  remains  with  but 
very  little  material  to  be  removed,  and  with  variable  dejjths.  The 
present  low-water  depth  is  11  ft.,  covering  only  a  ship's  length,  while 
there  are  holes  extending  to  15  ft.  on  both  sides  of  the  obstructing 
jetty. 

If  the  author  made  a  survey  in  June,  1897,  and  found  "gratifying 
results,"  he  must  have  been  cognizant  of  the  fact  that  prior  to  that 
*  On  the  Company's  chart  of  June,  1897,  Fig.  5,  no  such  jetty  is  shown. 
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date  the  contractor  had  exploded  some  23  000  lbs.  of  dynamite  on  the  Mr.  Haupt. 
old  government  jetty,  in  bis  eflfort  to  remove  it,  and  that,  in  conse- 
quence of  the  partial  breach  made,  the  inner  contours  advanced  sea- 
ward and  remained  permanently  in  this  new  position;  but,  as  the 
contour  maps  show  only  a  space  of  about  300  ft.  in  width  over  this  jetty, 
having  depths  of  "13  ft.  and  rock,"  it  was  not  suflficient  to  pei'mit 
the  currents  to  do  their  work  effectively;  yet  the  author  attributes  the 
benefit  solely  to  the  sand  bags  placed  near  the  old  south  (Nelson)  jetty. 
Is  this  a  full  diagnosis  of  this  problem,  and  is  the  conclusion  justifi- 
able? It  seems  remarkable,  first,  that,  in  the  recent  reviews  of  this  in- 
complete work,  no  stress  has  been  laid  upon  the  existence  of  the  old 
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S  to  a  Foundation  laid,  and  part  of  tupergcrueture.  ,_  1 1  i      ^*  i  ^\\\      ,s.i 
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C  to  B   Completed.  ~---^ _-''^'     -'  .    .'     ': 

BtoF  Foundation  laid,.  ^  // 

Fto  G   Ao  work  done  ■"'  /ji.i  / 

Fig.  5. 

"Mansfield"  rock  jetty  sunk  directly  across  the  channel  and  reported 
to  have  disappeared,  yet  which  has  proven  to  be  the  main  cause  of 
the  interruption  to  the  excellent  results  which  the  first  part  of  the 
breakwater  was  producing;  second,  that  the  jetty  is  regarded  as 
"  comijleted,"  which  is  far  from  the  fact  ;  third,  that  the  depths  after 
such  alleged  completion  were  found  to  be  less  than  before  the  work 
began,  and  fourth,  that  after  the  alleged  completion  of  the  "  south" 
jetty  by  Colonel  Goodyear  (which  was  never  built  in  the  sense  indi- 
cated, and  which  is  not  shown  on  the  survey  of  "June,  1897,"  or  any 
other),  it  should  have  produced  such  "gratifying  results,"  and  to 
show  such  a  marked  increase  in  the  depth  of  the  channel  as  to  require 


106  DISCUSSION    ON"   ORIGIN    OF   THE    GULF    STREAM. 

Mr.  Haupt.  no  ftirtlier  evidence  to  establish  the  author's  j^remises.  The  inventor 
of  this  system  invites  discussion,  but  desires  that  it  be  fair,  open 
and  honest,  and  that  due  weight  be  given  to  all  the  factors  ^jro  and 
con,  in  order  that  the  relative  value  of  this  method  of  improving  ocean 
bars  may  be  fully  revealed.  If  far  greater  results  can  be  secured  by 
one  jetty  than  by  two,  it  merits  a  fair  test,  which  it  has  not  yet 
secured.  Aransas  Pass  is  an  admittedly  diflBcult  location,  yet  it  is 
claimed  that  this  partially  built  breakwater  has  produced,  at  that 
point,  incomparably  greater  results  than  those  secured  by  the  govern- 
ment, at  one  third  the  cost  and  in  one-twentieth  the  time.  Ten  years 
have  elapsed  since  it  was  first  made  public,  and  the  various  respectful 
and  courteous  requests,  made  of  the  parties  having  jurisdiction  over 
harbor  works,  to  permit  a  test  to  be  made,  have  been  silently  ignored. 

It  so  happened  that  at  Aransas  Pass  the  private  parties  who  held  a 
franchise  from  the  Government,  having  failed  to  secure  results  from 
other  devices,  concluded  to  try  this  plan,  but  for  financial  reasons 
they  determined  to  handicap  it  at  the  start  by  cutting  it  in  twain,  and 
agreed  to  build  only  "  1  250  ft.  of  complete  breakwater  and  2  600  ft. 
of  apron  extension,"  covering  the  portion  F  B  C  D  upon  a  predicted 
result  of  15  ft.  Such  a  result  would  undoubtedly  have  been  secured 
but  for  the  fortuitous  circumstance  of  the  old  jetty  lying  at  about 
13  ft.  below  the  surface,  and  covered  with  rock  which  was  reported 
to  have  been  scoured  bare,  and  which  the  Company  and  contractor 
neglected  to  remove,  for  reasons  of  their  own.  This  much  of  history 
seems  necessary  to  explain  some  of  the  misrepresentations  as  to  the 
results  of  this  design  and  to  show  its  remarkable  utility  and  economy 
as  a  method  of  improving  harbor  entrances,  and  in  developing  the 
commercial  resources  of  the  country,  in  which  the  profession  should 
take  a  deep  interest  at  this  time. 

The  experience  at  Aransas  Pass  points  to  the  belief  that  the  resul- 
tant littoral  drift  is,  therefore,  not  from  the  south  on  this  portion  of 
the  Texas  coast,  as  the  author  states,  but  from  the  north.  This  is 
sufficiently  indicated  by  the  prevailing  directions  of  movement  char- 
acterizing the  inlets  along  this  portion  of  the  Gulf  littoral. 
Mr.  Pitts.  Thomas  D.  Pitts,  Jun.  Am.  Soc.  C.  E. — As  the  author  refers  to  the 
results  of  the  work  at  Aransas  Pass,  as  evidence  in  favor  of  his  theory, 
it  seems  proper  that  the  speaker,  who  was  for  two  years  assistant 
engineer  on  that  work,  should  make  some  statement  as  to  the  condi- 
tions and  results  there,  especially  as  he  is  informed  that  the  late  chief 
engineer,  Wm.  Dunbar  Jenkins,  M.  Am.  Soc.  C.  E.,  will  be  unable  to 
contribute  to  the  discussion. 

The  speaker  does  not  desire'  to  discuss  the  author's  general  theory, 
as  he  is  not  sufficiently  familiar  with  the  subject,  and  that  theory  has 
already  been  so  ably  discussed  by  others,  but  he  woiild  like  to  say 
that  the  author  seems  to  base  his  theory  largely  on  the  prevalence  over 
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the  Gulf,  for  nine  montlis  of  the  year,  of  a  strong  southeasterly  wind;  Mr.  Pitts, 
and  that,  while  this  wind  does  prevail  at  points  on  the  coast  where 
records  have  been  kept  for  a  term  of  years,  as  at  Corpus  Christi  and 
Galveston,  the  pilot  charts  of  the  United  States  Hydrographic  Office 
show  the  average  yearly  wind  resultant  as  being  about  east  by  south 
in  the  western  half  of  the  Gulf  and  nearly  east  in  the  eastern  half. 

On  page  97  the  author  refers  to  the  jetty  at  Aransas  Pass  as  being 
completed,  but  to  this  statement  exceiJtion  must  be  taken. 

The  jetty  is  now  only  halt  completed,  and  the  portion  yet  unfinished 
IS  a  most  vital  part  of  the  work,  since  its  completion  would  fully  control 
the  tidal  volume,  only  a  part  of  which  is  now  utilized  to  produce  scour. 

It  does  not  seem  quite  fair  to  conclude,  because  a  half  completed 
work  fails  to  do  what  the  whole  work  was  expected  to  accomplish, 
either  that  the  work  is  a  failure  or  that  the  theories  and  observations 
on  which  the  i^lans  were  based  were  erroneous. 

When  work  on  the  jetty  at  Aransas  Pass  was  begun  in  July,  1895, 
the  entrance  was  closed  by  a  crescent-shaped  bar,  with  channel  depths 
Tarying  from  9  or  9i  ft.  in  winter  to  8^  ft.  or  less  in  summer.  The 
line  of  the  proposed  jetty  crossed  the  crest  of  the  bar  near  the  point 
A  (Fig.  5),  and  the  axis  of  the  channel  in  use  at  that  time  about  mid- 
way between  the  points  C  and  D.  The  depth  in  the  channel  was  about 
9  ft.,  and  the  least  depth  on  the  axis  of  the  j)resent  channel  about  8  or 
«ift. 

The  consulting  engineers  had  predicted  that  the  completion  of  the 
portion  B  C  oi  the  jetty,  and  the  laying  of  the  foundation  3  ft.  high 
above  the  bottom  from  C  to  D,  and  from  B  to  F,  would  give  a  navigable 
dejith  of  15  ft.,  it  being  undei'stood  that  the  jetty  must  be  completed 
at  once  in  order  to  hold  this  depth.  It  was  known  that  the  Govern- 
ment had  laid  the  foundation  of  a  south  jetty,  about  10  years  before, 
which,  if  still  in  existence,  would  form  a  dam  across  the  proposed 
channel,  but  it  was  believed*  that  this  foundation  had  entirely  dis- 
ajjpeared. 

At  first  the  results  were  very  gratifying,  and  depths  of  13  ft.  and 
^eater  were  obtained  in  a  few  months,  together  with  a  very  marked 
reduction  in  the  width  of  the  bar,  but  it  soon  develojDed  that  the  old 
Government  jetty  had  not  disajjpeared,  and  that  the  13-ft.  channel 
passed  through  a  low  spot  or  break  in  this  jetty,  the  average  depth 
over  the  rock  of  the  old  jetty  being  from  9  to  12  ft.,  from  the  wreck  of 
the  Mary  to  the  outer  end.  Of  course,  rock  having  been  reached,  it 
was  physically  imj^ossible  for  the  current  to  scour  a  deej^er  channel. 

On  March  1st,  1896,  the  condition  of  the  jetty  was  as  follows  (see 
Pig.  5) :  A  foundation  1  000  ft.  long  and  3  ft.  high  above  the  bottom 
was  laid  from  i^to  B,  the  depth  of  water  over  the  rock  being  from  8 
to  13  ft. ;  from  .B  to  C,  1  250  ft.,  the  jetty  was  fully  completed;  from  G 

*  On  the  authority  of  the  Report  of  the  Chief  of  Engineers,  U.  S.  Army,  for  1888. 
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Mr.  Pitts,  to  D,  1  500  ft.,  the  foundation  was  laid,  and  a  riprap  mound  had  been 
built  thereon  to  the  level  of  mean  low  tide,  and  had  then  been  allowed 
to  wash  down  and  take  its  natural  slope  under  wave  action,  the  depth 
of  water  over  the  rock  being  from  4  to  6  ft. ;  and  a  foundation  3  ft. 
high  had  been  laid  for  a  distance  of  1  400  ft.  from  2)  toward  E.  At 
this  time  there  was  little  or  no  current  across  the  bar,  the  ebb  flow 
passing  out  between  C  and  St.  Joseph  Island,  and  most  of  it  at  and  just 
west  of  D.  About  this  time,  too,  was  the  beginning  of  the  season  of 
southeasterly  Avinds  in  that  year,  and  they  blew  almost  without  a  stop 
during  the  months  of  March,  Aj^ril,  May  and  part  of  June.  No  one 
who  has  lived  on  that  part  of  the  Texas  coast  can  doubt  that  during 
the  prevalence  of  these  southeast  winds  there  is  a  large  sand  movement 
along  shore  to  the  northward  and  eastward.  It  would  be  hard  to  de- 
vise a  better  trap  to  catch  this  sand  and  cause  it  to  be  deposited  on  the 
bar  than  the  jetty  in  its  unfinished  condition,  and  the  depth  on  the 
bar  did,  in  fact,  at  once  begin  to  decrease. 

Work  was  carried  on,  when  the  weather  permitted,  during  the  four 
months  mentioned,  but  was  suspended,  for  want  of  funds,  from  the 
latter  part  of  June  until  the  first  of  August.  At  the  time  it  stopped, 
in  June,  the  portion  G  D  had  been  built  to  the  water  surface  and 
partly  capped,  but  the  greater  part  of  the  ebb  flow  and  the  strongest 
currents  still  j^assed  out  between  D  and  St.  Joseph  Island. 

After  much  urging,  the  Company  provided  a  limited  amount  of 
money,  with  which  work  was  resumed  early  in  August.  By  the  end 
of  September,  when  the  funds  were  again  exhausted,  the  foundation 
had  been  extended  to  E,  and  a  narrow  ridge  of  rip-rap  had  been  built 
to  the  level  of  mean  low  tide  between  I)  and  E,  excejat  in  two  places, 
one  about  400  ft.  long,  near  the  middle  of  D  E,  and  one  about  100  ft. 
long  at  a  distance  of  600  ft.  east  of  E,  where  gaps  were  left,  the  money 
on  hand  not  being  sufficient  to  close  them.  The  depth  of  -water  over 
the  rock  in  the  smaller  gap  is  about  6  or  7  ft.,  and  in  the  larger  one  5 
or  6  ft.,  and  the  current  through  them  approaches  4^  miles  per  hour 
during  ebb-tide.  No  work  has  been  done  on  the  jetty  since  Septem- 
ber, 1896,  and  it  is  to-day  in  substantially  the  condition  described 
above. 

On  October  1st,  1896,  the  depth  on  the  bar  was  not  more  than  6^ 
ft. ,  and  during  October  and  November  it  decreased  to  6  ft.  As  stated 
above,  when  work  was  resumed  in  August,  there  was  but  a  feeble  cur- 
rent across  the  bar,  but  as  soon  as  the  portion  D  E  was  partially  com- 
pleted to  low-tide  level,  as  described,  it  increased  to  a  surface  velocity 
of  3  ft.  per  second  and  more. 

About  the  first  of  December,  work  was  begun  under  the  contract 
with  Colonel  Goodyear,  and  was  actively  prosecuted  until  May.  Dur- 
ing this  time  23  500  lbs.  of  dynamite  were  exploded  in  the  channel, 
and  the  "  south  jetty,"  mentioned  by  the  author,  was  built.  This  latter 
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was  composed  of  sand  bags  with  a  little  rock  protection  on  the  channel  Mr.  Pitts, 
side.  It  did  not  at  any  time  extend  more  than  300  ft.  from  shore,  and 
has  since  been  washed  away.  The  speaker  believes  that  this  jetty  had 
no  appreciable  effect  upon  the  depth  of  water  on  the  bar.  The  dyna- 
mite, however,  had  a  good  eflfect,  especially  by  breaking  up  and 
partially  removing  about  300  ft.  of  the  old  Government  jetty. 

In  February,  1897,  the  depth  on  the  bar  was  7f  ft.,  and  in  June  it 
had  increased  to  8f  ft.  In  November  last  the  depth  on  the  bar  was  a 
little  over  9  ft.,  and  when  the  speaker  left  Aransas  Pass  in  March  it 
was  10  or  10^  ft.  He  is  informed  that  it  has  continued  to  increase 
since  that  time,  and  that  the  depth  on  the  bar  is  now  11  ft.,  notwith- 
standing the  southeast  winds  and  northerly  currents  of  the  past  scaring. 

A  part  of  the  increase  between  December,  1896,  and  June,  1897,  was 
doubtless  due  to  the  use  of  the  dynamite,  but  the  speaker  does  not 
think  that  all,  or  even  the  greater  part,  of  it  came  from  that  cause,  for 
there  was  every  reason  to  exjject  an  increase  in  depth  during  the 
winter,  which  is  the  season  of  strongest  ebbs;  and,  besides,  the  depth 
has  continued  to  increase  slowly  since  the  use  of  the  dynamite  ceased, 
thus  showing  the  good  eflfect  of  the  breach  in  the  old  Government 
jetty  and  the  partial  completion  oi  C  D  E. 

The  speaker  wishes  to  emphasize  the  fact  that  before  the  j^ortion 
D  E  oi  the  jetty  was  partially  built  up  to  low-water  level,  the  currents 
were  not  controlled,  and  did  not  cross  the  bar  with  any  strength,  and 
that  it  was  before  that  section  was  built  up  as  described  that  the 
shoaling,  cited  by  the  author  in  sniJjDortof  his  theory,  took  j^lace. 

Since  June,  1897,  a  shoal  has  been  noticed  lying  to  the  south  of  the 
channel,  the  shape  and  position  of  which  are  shown  by  the  contours  on 
the  map.  During  the  past  fall  and  winter  this  shoal  has  been  dry  at 
extreme  low  tide  for  a  distance  of  1  000  ft.  or  more  from  shore,  except 
for  a  narrow  and  shallow  channel  close  to  the  beach,  and  it  was  pos- 
sible to  wade  out  to  the  wreck  of  the  Mary,  where  in  July,  1895,  there 
were  depths  of  12  to  15  ft.  This  shoaling  seems  to  be  due  chiefly  to 
an  eddy  which  is  formed  to  the  southward  of  the  channel  during  ebb- 
tide, and  which  causes  the  sediment  in  a  portion  of  the  ebb  waters  to 
be  deposited,  as  well  as  i^art  of  that  carried  by  the  littoral  current. 
The  eddy  seems  more  marked  when  the  littoral  current  is  flowing  to 
the  southward  than  when  it  flows  in  the  opposite  direction,  but  in 
either  case  sand  is  deposited  on  this  shoal.  There  has  also  been  a 
marked  shoaling  to  the  north  of  the  jetty,  covering  a  greater  area,  but 
of  less  depth.  This  result  was  expected  to  follow  the  building  of  the 
jetty,  and  indicates  a  littoral  current  from  the  north,  because  there 
is  no  eddy  here  to  account  for  the  shoal  as  there  is  on  the  south  side 
of  the  channel. 

In  conclusion,  it  seems  hardly  correct  to  call  this  work  a  failure, 
when,  in  sjiite  of   delays  and   partial  completion,    it   has   radically 
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Mr.  Pitts,  changed  the  location  of  the  channel  and  fixed  it  in  position,  has  caused 
an  increase  in  depth  of  5  ft.  or  more  from  the  worst  condition  of  the 
bar,  which  condition  itself  was  caused  by  failure  to  properly  push  the 
work,  as  urged  by  the  engineers;  has  given  an  available  dejjth  of  2  ft. 
more  than  could  be  found  when  the  work  began,  and  has  caused  the 
large  advances  of  the  inner  deep-water  contours.  All  this  was  accom- 
plished when  only  half  of  the  total  amount  of  material  required  had 
been  put  in  jjlace,  and  without  causing  any  advance  seaward  of  the 
deep-water  contours  on  the  outer  face  of  the  bar.  The  crest  of 
the  bar  is  now  a  little  outside  of  B,  and  the  speaker  believes  that  this 
would  soon  disappear  if  the  section  B  F  were  completed  and  the  old 
Government  jetty  entirely  removed. 

Instead  of  considering  this  work  a  failure,  the  speaker  thinks  that 
it  has  not  yet  had  a  fair  trial,  and  that  the  results  have  been  remark- 
able, in  view  of  all  the  unfavorable  conditions.  He  believes  that  a 
depth  of  15  ft.  would  have  been  obtained  during  the  winter  of  1895-96, 
as  predicted  by  the  consulting  engineers,  but  for  the  fact  that  the 
foundation  of  the  old  Government  jetty  lay  directly  across  the  channel, 
at  a  depth  of  about  11  ft.,  and  prevented  the  current  from  cutting 
deei^er.  No  provision  was  made  by  the  Harbor  Company  for  the 
removal  of  this  foundation,  although  they  were  repeatedly  urged  to  do 
so  by  the  engineers. 

It  is  quite  likely  that  a  spur  jetty  on  the  south  side  of  the  channel 
would  have  been  found  desirable  to  keep  out  the  sand-laden  northerly 
current  during  the  spring  and  summer  months,  and  so  prevent  fluctua- 
tions in  the  channel  depth;  but  there  is  no  doubt  that  the  jetty,  as 
originally  designed,  would  have  secured  the  depths  it  was  jjlanned  to 
secure,  had  it  been  pushed  to  completion  in  a  reasonable  time,  pro- 
vided the  old  Government  jetty  foundation  had  been  removed  as  soon 
as  it  was  discovered. 

The  jetty  at  Aransas  Pass  as  yet  gives  no  conclusive  evidence  re- 
garding the  direction  of  the  littoral  currents  on  this  jjart  of  the  Texas 
coast,  but  after  two  years'  observation  and  study,  the  speaker  believes 
that  the  yearly  resultant  of  the  littoral  drift  is  south  and  not  north. 
This  seems  to  have  been  the  cause  of  the  former  decided  southerly 
movement  of  the  Pass.  There  is,  however,  at  certain  seasons,  a  strong, 
persistent,  sand-bearing  current,  flowing  north  along  the  shore,  which 
must  be  taken  into  account  in  designing  harbor  works  on  this  part  of 
the  Gulf  coast. 
Mr.  Cameron.  Bkewstek  Camekon,  Esq. — The  speaker  does  not  presume  to  dis- 
cuss this  subject  from  a  professional  standpoint,  but  merely  wishes  to 
state  the  results  of  his  observations  as  a  practical  man.  A  map  of 
Aransas  Pass  and  the  bays  opening  into  it,  made  by  a  Mexican 
engineer  about  one  hundred  years  ago,  when  Texas  was  a  part  of  Mex- 
ico, shows  that  the  pass  or  entrance  to  Aransas  Harbor  was  then  at  a 
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point  opposite  Lydia  Ann  Islands,  or  about  1^  miles  northerly  or  east-  Mr.  Cameron, 
erly  from  the  present  location.  This  maj),  together  "with  the  official 
surveys  of  the  United  States  Government  covering  a  long  period  of 
years,  conclusively  shows  that  the  Pass  has  steadily  worked  its  way 
southwesterly.  This  has  doubtless  been  caused  by  the  heavy  north- 
erly winds  that  prevail  during  the  winter  season.  These  winds  drive 
the  waters  of  the  bays  with  great  force  in  a  southwesterly  direction, 
causing  a  continiial  erosion  of  the  south  side  of  the  Pass  and  a  con- 
stant cutting  away  of  the  islands  which  are  situated  on  the  southerly 
side  of  all  passes  along  the  Texas  coast.  The  same  winds  that  pro- 
duce these  heavy  currents  in  the  bays,  and  which  lead  to  this  great 
scour,  produce  equally  strong  currents  in  the  Gulf  near  the  shore, 
and  these  currents  carry  a  great  amount  of  sand  southwesterly  along 
the  Texas  coast,  producing  a  heavy  littoral  drift  which  builds  ui)  the 
islands  on  the  north  side  of  the  Pass,  as  the  heavy  currents  in  the  bay 
cut  away  the  islands  on  the  south  side  of  the  Pass,  thereby  maintain- 
ing the  normal  width  of  the  channels  to  all  the  harbor  entrances. 

These  physical  facts  demonstrate  conclusively  the  basic  error  in 
the  paper,  viz.,  that  the  drift  is  from  the  south  or  west.  A  casual  in- 
vestigation of  the  conditions  that  exist  at  Aransas  Pass  is  very  likely 
to  be  misleading.  There  is  a  light  prevailing  wind  from  the  south  or 
west  during  the  summer,  which  causes  a  slight  movement  of  the  sand 
toward  the  north  or  east.  It  is  so  noticeable  near  the  surface  that  it 
is  likely  to  deceive  a  casual  observer,  but  it  is  so  insignificant,  as  com- 
pared to  the  drift  from  the  north,  that  it  is  a  grave  error  to  make  the 
statement  that  the  resultant  drift  at  this  port  is  from  the  south.  The 
movement  of  the  islands  in  a  southerly  or  westerly  direction  shows 
conclusively  that  this  is  not  a  fact. 

As  to  the  conditions  that  exist  on  the  coast  of  Texas,  the  speaker's 
conclusions  coincide  entirely  with  the  opinions  expressed  by  Messrs. 
Ripley,  Wisner,  Haupt  and  Pitts.  In  connection  with  the  harbors  of 
Texas  all  these  gentlemen  have  had  extensive  personal  experience, 
and  particularly  Major  Kipley,  to  whose  exhaustive  experiments,  car- 
ried on  through  a  long  period  of  years,  the  people  are  indebted  for 
the  results  published  in  the  official  rej^orts  by  the  United  States  Gov- 
ernment. These  reports  have  incontrovertibly  established  the  fact 
that  the  resultant  drift  is  from  the  north. 

Referring  particularly  to  the  conditions  existing  at  Aransas  Pass, 
fortunately  actual  experiments  have  been  made  which  amount  to  a 
mathematical  demonstration  of  the  fact  that  the  resultant  drift  is  from 
the  north  or  east.  The  fact  may  be  cited  that  the  Mansfield  jetty, 
which  was  constructed,  as  at  Galveston,  on  the  south  side  of  the  Pass, 
extended  the  bar  seaward  as  the  jetty  was  being  constructed,  and  pro- 
duced no  additional  dejaths  over  the  bar;  whereas  a  spur  jetty  only 
600  ft.  long,  constructed  by  the  late  Colonel  George  W.  Fulton,  on  the 
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Mr.  Cameron,  north  side  of  the  Pass,  secured  an  increased  depth  of  2  ft.  over  the  bar, 
as  shown  by  the  reports  of  the  Corps  of  Engineers,  U.  S.  A.,  and  with- 
out extending  the  bar  gulfward.  Against  demonstrated  facts  of  this 
character,  the  mere  expression  of  ojjinion  by  anyone  should  have  no 
weight  whatever.  It  is  unfortunate  that  the  author  has  fallen  into 
these  errors,  as  it  is  most  important  to  the  entire  West  that  the  fav- 
orable conditions  existing  at  Aransas  Pass  should  be  correctly  under- 
stood, and  it  is  greatly  to  be  regretted  that  he  has  misunderstood  the 
whole  theory  of  the  harbor  improvement  contemplated  by  the  con- 
struction of  the  reaction  breakwater.  So  far  from  being  a  failure  and 
not  realizing  the  expectations  of  those  who  designed  it,  the  speaker 
personally  knows  this  to  be  erroneous.  Messrs.  Haupt  and  Ripley 
were  employed  by  him  to  prepare  the  designs  for  the  improvement  of 
Aransas  Pass,  and  the  work,  so  far  as  constructed,  has  far  surpassed 
the  expectation  of  the  speaker  and  the  predictions  of  the  engineers, 
having  scoured  out  so  great  a  quantity  that  the  distance  between  the 
outer  and  inner  20-ft.  contours  has  been  reduced  nearly  half  a  mile. 
The  scouring  force  of  the  current  produced  by  the  reaction  breakwater, 
which  was  only  partially  completed,  has  not  only  accomplished  this, 
but  has  rapidly  deepened  the  bar  until  the  work  of  erosion  was  stopped 
by  the  old  Government  jetty,  which  lies  directly  across  the  channel  at 
a  depth  of  from  11  to  13  ft.  The  sand  covering  this  obstruction  was 
scoured  down  to  the  bare  rock,  which  the  currents  could  not  remove 
and  the  contractor  did  not,  since  it  was  not  included  in  his  contract. 

Instead  of  being  a  mistake,  as  stated  by  the  author,  the  work  has 
been  designed,  located  and  executed  with  consummate  skill,  and  every 
anticiijation  of  the  engineers  has  been  realized  as  to  intercepting  the 
drift,  regulating  the  currents,  fixing  the  location  of  the  channel  and 
indvicing  rapid  scour  by  this  reaction  breakwater,  with  the  single 
exception  of  securing  the  predicted  dejjth  of  15  ft.  to  result  from  this 
incompleted  work.  As  already  stated,  it  failed  solely  because  of  the 
obstructing  Government  jetty,  which  had  been  oflBcially  reported  as 
having  long  since  disappeared.  Certainly,  if  thei-e  is  anyone  to  blame 
for  failure  it  would  seem  to  be  the  United  States  engineers  for  not 
correctly  reporting  the  facts  as  to  the  existence  of  the  old  jetty,  and 
for  taking  advantage  of  this  neglect  to  remove  the  obstruction  erected 
by  them,  to  condemn  the  reaction  breakwater. 

The  speaker  believes  that  nowhere  else  in  the  world  have  such 
great  results  been  secured  in  so  short  a  time  and  at  such  moderate 
cost,  and  that  by  this  method  of  treating  ocean  bars  the  profession  of 
civil  engineering  had  made  a  distinct  advance. 
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CORRESPONDENCE. 


Geoege  Y.  Wisnek,  M.  Am.  Soc.  C.  E. — The  author  has  apparently  Mr.  Wisner. 
based  his  conchxsions,  as  to  the  direction  of  the  littoral  currents 
along  the  Texas  coast,  on  the  fact  that,  at  most  of  the  harbor  en- 
trances, the  south  jetties  have  generally  been  constructed  first,  and 
that  such  jetties  were  for  the  purpose  of  shutting  out  sand  from  that 
direction.  When  it  is  considered  that  such  construction  has  resulted 
in  the  waste  of  millions  of  dollars,  and  in  some  cases  has  caused  a 
deterioration  of  the  channels  which  the  works  were  designed  to  im- 
prove, it  may  be  well  to  examine  more  closely  into  the  facts  of  the 
case. 

From  the  Rio  Grande  to  the  mouth  of  the  Mississijjpi  Eiver  there 
is  not  a  single  harbor  entrance,  where  the  formation  is  such  as  to 
show  the  effect  of  littoral  currents,  that  does  not  furnish  conclusive 
evidence  that  the  resultant  direction  of  currents  is  from  the  north- 
east. 

It  is  true,  as  stated  in  the  jjaper,  that  these  shore  curi-ents  are 
greatly  influenced  by  the  force  and  direction  of  the  prevailing  winds, 
but,  from  a  careful  examination  of  the  weather  records  for  that  sec- 
tion, it  will  be  found  that,  while  the  wind  is  generally  from  the  south 
during  the  summer  months,  the  force  is  so  small  that  the  currents  to 
the  northeast  seldom  extend  much  below  the  surface;  whereas  the 
winds  from  the  northeast,  east  and  southeast,  during  the  autumn, 
winter  and  spring  months  produce  currents  of  from  2  to  3  miles 
per  hour,  and  to  a  great  degree  are  the  controlling  factors  causing 
sand  movement  along  the  coast. 

At  the  mouth  of  the  Mississippi  River  the  sediment  transported 
through  the  jetties  is  entirely  carried  to  the  westward  of  the  entrance, 
caiising  a  shoal  half  a  mile  outside  of  the  end  of  the  west  jetty. 

Previous  to  the  imjirovement  of  South  Pass,  the  movement  of  the 
bar  seaward  was  100  ft.  per  year,  but  for  the  past  eighteen  years  the 
littoral  current  across  the  entrance  to  the  jetty  channel  has  prevented 
any  advance,  or  the  formation  of  any  bar  in  front. 

At  the  mouth  of  the  Brazos  Eiver,  Texas,  the  phenomenon  of  sedi- 
ment deposit  is  exactly  similar  to  that  at  South  Pass.  The  Brazos  is 
one  of  the  heaviest  sediment-bearing  streams  on  the  Gulf  Coast;  and, 
while  the  outer  face  of  the  bar  was  pushed  seaward  3  000  ft.  by  de- 
posits from  the  river  during  the  construction  of  the  jetties,  the  littoral 
currents  completely  eroded  and  carried  away  to  the  westward  this 
entire  deposit  within  a  year  after  the  works  were  completed  to  the 
crest  of  the  bar. 

The  statement  as  to  the  unusual  agitation  of  the  waters  of  the  Gulf, 
40  miles  southeast  of  Ai'ansas  Pass,  will  need  to  be  substantiated  be- 
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Mr.  Wisner.  fore  being  accepted  as  tlie  source  of  the  Gulf  currents  through  the 
Straits  of  Florida. 

The  direction  of  the  resultant  littoral  current  along  the  Texas 
coast  has  been  established  beyond  question  by  careful  observers, 
whose  conclusions  are  entirely  in  accord  with  those  which  should  be 
arrived  at  from  a  study  of  the  form  and  movement  of  the  natural 
harbor  entrances  on  that  coast. 

The  works  at  the  entrance  of  Aransas  Pass  were  not  based  on  any 
"  supposition  "  as  to  the  direction  of  the  littoral  current  at  that  place, 
but  on  known  conditions;  and  the  results  already  obtained  from  the 
incomplete  breakwater  indicate  that,  when  completed,  and  the  old  jetty 
across  the  channel  is  removed,  the  required  depth  to  the  harbor  en- 
trance will  be  obtained  and  easily  maintained. 

It  is  well  known  that  the  flow  across  the  outer  end  of  the  break- 
water will  cause  an  eddy  to  the  westward  of  the  works,  which  will 
carry  sand  into  the  channel,  unless  the  south  jetty  be  carried  far 
enough  seaward  to  prevent  such  action.  The  plans  for  the  Aransas 
Pass  work  contemjjlated  such  construction,  and,  so  far  as  the  writer 
knows,  no  change  has  been  made  in  this  regard  since  the  work  was 
started. 

At  Galveston  the  action  of  the  eddy  to  the  west  of  the  jetties  has 
been  suflficient  to  erode  the  shore  along  the  city  front  to  a  considerable 
extent. 

The  utility  of  a  single  jetty  for  producing  deep  and  safe  entrances 
at  harbors  on  sandy  coasts  depends  largely  on  the  direction  of  the  lit- 
toral resultant  along  the  coast,  and  the  length  of  spur  jetty  needed  on 
the  lee  side  of  the  entrance  will  vary  with  almost  every  location. 

At  Aransas  Pass  the  spur  on  the  south  side  of  the  channel  will 
have  to  be  carried  out  some  2  000  ft.  from  shore  to  prevent  the  inflow 
of  sand. 

The  Kiver  and  Harbor  Bill  for  1896  appropriated  $2  345  000  for 
the  improvement  of  the  entrance  to  Cumberland  Sound,  Ga.,  by  means 
of  parallel  jetties.  At  this  place  the  movement  of  sand  is  from  north 
to  south,  and,  if  a  jjroperly  located  north  jetty  be  constructed  first, 
the  required  depth  of  channel  would  be  obtained,  and  more  than 
$1  000  000,  required  under  present  plans  for  building  the  useless  south 
jetty,  would  be  saved. 
Mr.  Wrotnow-  A.  F.  Wkotnowski,  M.  Am.  Soc.  C.  E.  —  This  interesting  subject 
cannot  be  too  lightly  handled,  and  the  data  for  its  study  should  be  of 
the  most  authentic  class  in  order  to  give  it  a  sound  basis  for  a  proper 
consideration.  The  author,  perhaps,  is  in  a  measure  correct  as  to  the 
general  trend  of  the  flow  of  the  littoral  currents  along  the  Texas 
coast,  but  these  currents  are  so  varied  in  their  direction  at  other  points 
as  to  defy  the  assertion  that  their  trends  are  in  positive  and  well- 
defined  directions.     The  writer  has  measured  currents  at  depths  of 
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5  ft.,  10  ft.,  1.5  ft.,  20  ft.    and  25  ft.  in  the  Gulf,  opposite  and  about  Mr.  Wrotnow- 

two  miles  oflf  the  ends  of  the  jetties,  on  various  occasions  during  their 

construction,  and  in  a  number  of  instances  the  surface,  5-ft.  and  10-ft. 

floats,  went  southward,  while  those  of  greater  depths  went  northward 

against  the  surface  current,    and,  generally,  the  middle-depth  floats 

were  undecided  in  their  movements.     On  these  occasions  there  were 

slight  winds  from  the  north  which  caused  the  surface  current  to  run 

southward.     At  various  other  times  the  writer  has  also  noticed  ships 

anchored   in  the  offing  and   heading  north  during   a  stiff  southerly 

breeze.     This,  however,  can  be  accounted   for  by  the  fact   that  for 

a  few  days  previous  tlie  wind  had  been  sti'ong  from  the  north,  thus 

setting  the  current  southward.     The  indications  are  that  the  shore  or 

littoral  currents  are  mainly  governed  by  prevailing  winds,  and  do  not, 

as  a  general  rule,  form  a  material  factor  in  determining  the  location 

for  jetty  works. 

The  author  is  misinformed  about  the  South  Jetty  at  Tampico 
having  been  built  before  the  North  Jetty.  In  fact,  the  latter  was  out 
about  1  500  ft.  before  the  former  was  commenced.  However,  his  views 
upon  the  greater  accumulation  of  sand  dejaosit  next  to  a  south  jetty 
seem  to  be  reinforced,  as,  in  the  case  at  Tampico,  there  is  now  much 
more  sand  south  of  the  South  Jetty  than  is  the  case  north  of  the 
North  Jetty.  This  difference,  however,  is  due  in  a  great  measure  to 
the  fact  that  during  northers  the  water  accumulates  and  is  driven 
against  the  North  Jetty,  and  finds  its  way  out,  in  an  increased  cur- 
rent, licking  the  North  Jetty  with  such  energy  as  to  scour  the  sand 
from  that  side  and  sweep  it  past  the  front  of  the  jetties  to  the  south 
side. 

Alexander  E.  Kastl,  M.  Am.  Soc.  C.  E. — During  the  four  years,  Mr.  Kasti. 
1888  to  1891,  inclusive,  the  writer  was  connected  with  the  Brazos  River 
Harbor  Improvement,  in  Texas,  as  Principal  Assistant  Engineer  and 
Engineer,  and  with  the  Tampico  Harbor  Improvement,  in  Mexico,  as 
First  Assistant  Engineer.  His  observations  were  that  the  result- 
ant direction  of  the  littoral  currents  on  the  Gulf  coast  is  south- 
westward  at  the  mouth  of  the  Brazos,  and  southward  at  Tampico. 
These  currents  are  sand-bearing.  At  the  mouth  of  the  Brazos  the 
northeastwai'd  currents  produced  by  southwesterly  winds  are  mere 
surface  currents  and  have  no  appreciable  effect  on  the  sand  move- 
ment. The  same  is  true  of  the  northward  currents  at  Tampico.  A 
study  of  the  detail  charts  of  the  Brazos  River  and  Tampico  Harbors 
will  show  that  the  sand  movement  is  southward. 

In  reference  to  the  jetties  at  Tampico  the  north  jetty  was  started 
first,  and,  later  on,  the  south  jetty.  Both  jetties  were  carried  seaward 
togethei-.  The  original  intention  was  to  begin  work  on  both  jetties  at 
the  same  time,  but,  as  the  railroad  facilities  were  all  on  the  north  side 
of  the  river,  earlier  and  greater  progress  was  made  on  the  north  jetty. 
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Mr.  Kastl.  The  writer  was  at  Tampico  Harbor  when  the  work  was  started,  and 
during  his  stay  there,  until  April,  1891,  the  work  on  the  north  jetty 
was  always  in  advance  of  that  on  the  south  jetty.  The  jalan  of  im- 
provement did  not  contemplate  the  building  of  either  jetty  first,  but 
the  building  of  both  jetties  at  the  same  time,  seaward,  as  fast  as  pos- 
sible, and  this  j^lan  was  followed  as  nearly  as  it  could  be.  Tampico 
Harbor  is  the  mouth  of  the  Panuco  River,  and  the  improvement  accom- 
plished the  removal  of  the  bar  at  the  mouth  of  the  river.  Before  the 
jetties  were  built  the  depth  of  the  channel  over  the  bar  was  not  more 
than  10  ft.,  whereas  now  there  is  a  channel  of  about  25  ft. 

Much  information  in  regard  to  the  littoral  currents  along  the  Texas 
coast  at  the  mouth  of  the  Brazos  River  is  contained  in  a  paper,*  en- 
titled "The  Brazos  Harbor  Improvement,"  by  George  Y.  Wisner,  M. 
Am.  See.  C.  E. 
Mr.  Raymond.  Thomas  L.  RAYMOND,  M.  Am.  Soc.  C.  E. — The  importance  of  the 
author's  conclusions  in  defining  the  limits  and  direction  of  the  littoral 
currents  of  the  Gulf  of  Mexico,  can  scarcely  be  overestimated  in  their 
practical  bearing  upon  the  methods  and  ultimate  efficiency  of  the  work 
of  harbor  improvement  on  the  coast  of  Louisiana,  Texas  and  Mexico. 
Erom  the  Mississippi  River  to  Tampico  there  are  only  two  harbors 
to-day  which  will  admit  vessels  of  greater  draft  than  12  ft.  over  the 
bars,  though  there  are  many  which  are  of  amj)le  capacity  inside  the 
sand-bars  blocking  the  entrances. 

The  improvement  of  some  of  these  harbors,  in  addition  to  those 
now  under  treatment,  is  certainly  the  work  of  the  near  future,  and 
any  testimony  corroborative  of  the  record  of  facts  cited  by  the  author 
must  prove  of  value  in  deciding  upon  the  economical  location  of  the 
controlling  structures  at  any  given  place. 

At  Sabine  Pass,  to  which  the  author  refers  casually,  the  limited  ap- 
propriations for  starting  the  work  enforced  the  construction  of  only  a 
portion  of  one  jetty  under  the  first  contract,  and  it  was  decided  to 
build  the  west  jetty  foundation  first,  on  the  theory  that  the  littoral 
current,  which  was  well  understood  to  flow  westward,  would  meet  the 
outward  current  from  the  harbor  and  produce  a  stronger  eroding 
stream  in  the  direction  of  the  resultant  and  parallel  to  the  line  of  the 
jetty. 

Sabine  Pass  is  60  miles  east  of  Galveston  and  unlike  most,  if  not 
all,  other  harbors  upon  the  Gulf  of  Mexico,  had  not  a  suspicion  of  sand 
xipon  its  bar,  and  only  a  narrow  fringe  of  sand  on  its  western  bank. 

There  was  much  surprise  when  it  was  discovered  after  the  founda- 
tion of  the  west  jetty  had  been  built,  that  a  sand  bank  had  formed 
against  it  covering  the  work  completely  in  places,  and  extending,  with 
diminishing  thickness,  3  000  ft.  to  the  eastward,  f 

*  Transactions,  Vol.  xxv,  1891. 

+  See  report  to  Capt.  Turtle,  in  Report  of  Chief  of  Engineers  for  1885. 
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So  improbable  did  it  appear  that  this  deposit  had  come  from  the  Mr.  Raymond, 
littoral  current,  when  so  little  sand  was  found  in  the  vicinity,  that  its 
formation  was  attributed  to  the  scour  from  the  harbor  above  and  sedi- 
ment from  tributary  streams. 

In  the  light,  however,  of  the  author's  investigations  of  the  exjieri- 
ence  gained  and  increased  depths  produced  by  the  construction  of  the 
east  jetty,  it  seems  certain  that  this  sand  was  caught  by  the  obstruc- 
tion presented  by  the  west  jetty  to  its  westward  flow  along  the  shore. 
The  fact  that  this  deposit  was  found  only  upon  the  outer  slope  of  the 
bar  in  depths  from  6^  ft.  to  9  ft.  beyond  the  line  of  the  Gulf  shore, 
where  the  bottom  had  formerly  been  a  soft  clay,  easily  penetrated  by 
a  prod  to  the  dei3th  of  30  ft. ,  adds  to  the  probability  of  the  conclusion 
that  this  sand  was  brought  from  the  eastward  by  a  littoral  current  of 
considerable  velocity. 

Had  the  east  jetty  been  built  first,  it  is  fair  to  presume  that  this 
drift  would  have  been  excluded  from  the  channel,  and  that  the  in- 
crease in  depths  would  have  been  realized,  in  some  degree  at  least, 
before  the  construction  of  another  jetty. 

Another  phenomenon  observable  at  all  the  mouths  of  the  Missis- 
sippi River,  at  Calcasieu  Pass,  and,  in  a  marked  degree,  at  Sabine 
Pass,  is  the  projection  of  the  western  banks  of  these  harbors,  further 
into  the  Gulf  than  the  eastern  shore  line.  At  the  entrance  to  the 
South  Pass  jetties,  for  instance,  the  shoaling  beyond  the  end  of  the 
west  jetty  has  built  ui)  to  vrithin  7  ft.  of  the  surface  for  1  000  ft.  seaward 
of  the  terminus  of  the  works,  while  the  widest  and  deepest  channel 
has  for  16  years  turned  sharply  to  the  eastward  around  the  end  of  the 
east  jetty,  directly  in  the  teeth  of  the  undoubted  westerly  littoral 
current. 

At  Sabine  Pass,  where  the  outflow  is  practically  free  from  sedi- 
ment, the  sand  deposit  is  found  only  on  the  west  bank  near  the 
entrance.  This  seems  to  indicate  that  the  westerly  drift,  previously 
described  as  caught  by  the  foundation  course  of  the  west  jetty,  which 
was  built  first,  meeting  the  outward  current  from  the  harbor,  is  car- 
ried by  the  resultant  current  into  the  influence  of  the  eddy  west  of 
the  entrance  and  thrown  up  on  the  west  shore. 

The  tendency  is,  therefore,  to  build  out  the  western  shoals  toward 
the  channel  in  a  direction  opposed  to  the  set  of  the  littoral  current. 
When  the  obstruction  of  the  west  jetty  foundation  caught  this  sand 
drift,  this  effect  was  produced  in  a  marked  degree  in  one  year,  and 
the  line  of  deepest  water  moved  a  considerable  distance  to  the  east- 
ward. 

H.   C.   Rn'LEY,  M.  Am.   Soc.  C.  E. — The  aiithor  has  opened  up  a  Mr.  Ripley, 
subject  of  the  greatest  interest  to  engineers  devoted  to  the  study  of 
jjroblems  involving  the  eifects  of  ocean  currents,  and,  while  he  has 
apparently   given   the   subject   much   study    as   regards   its   literary 
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Mr.  Ripley,  asj^ect,  he  seems  to  have  fallen  into  serious  error  as  to  the  local  con- 
ditions on  the  Texas  and  Mexican  coasts. 

The  writer  is  familiar  with  these  conditions  at  all  the  important 
harbors  on  the  Texas  and  Mexican  coasts  from  Sabine  Pass,  Texas,  to 
the  Coatzacoalcos  River,  Mexico,  having  made  personal  examinations, 
more  or  less  extensive,  at  the  following  places,  viz. :  Sabine  Pass, 
Galveston  Harbor,  Brazos  River,  Brazos  Santiago,  Tampico,  Vera 
Cruz  and  the  mouth  of  the  Coatzacoalcos  River,  and  his  study  of  the 
subject  extends  over  a  period  of  more  than  twenty-five  years.  It  is 
the  purpose  of  the  writer  to  limit  his  discussion  to  those  conditions 
of  which  he  has  personal  knowledge. 

It  is  undoubtedly  true  that  there  are  times  when  the  littoral  cur- 
rent along  the  coast  of  Texas  flows  to  the  north  and  east;  but  it  is 
equally  true  that  at  times  it  flows  in  the  opposite  direction.  The 
writer  has  observed  this  phenomenon  many  times  and  at  many 
places  along  this  coast.  Under  his  direction  a  series  of  observations, 
extending  from  1880  to  1881,  were  made  on  Galveston  Bar  at  such 
times  as  work  was  being  done  on  the  south  jetty,  to  determine  the 
direction  and  force  of  these  currents.  The  result  showed  that  the 
southwesterly  currents  largely  prevail  during  the  fall  and  winter 
months,  while  the  northeasterly  currents  prevail  during  the  spring 
and  summer  months.  It  has  also  been  observed  that  when  the  wind 
is  easterly  or  northerly  the  littoral  current  flows  southwesterly,  and 
when  the  wind  is  westerly  or  southerly  the  current  is  in  the  opposite 
direction.  This  has  led  to  the  conclusion  that  the  littoral  current 
along  this  coast  is  to  a  large  extent,  if  not  entirely,  dependent  upon 
the  wind.  The  coast  of  Texas  from  Sabine  Pass  to  Aransas  Pass,  is 
nearly  straight,  and  has  a  general  direction  of  southwest  by  west. 
The  line  normal  to  this  direction  is  southeast  by  south  and  northwest 
by  north.  Winds  from  either  of  these  directions  will  be  directly  on 
or  off  shore,  and  hence  their  effect  in  producing  littoral  currents  will 
be  nil  unless  it  be  considered  that  the  water  banked  uj)  by  on-shore 
winds  must  find  a  lateral  escape  along  the  shore  in  either  direction 
from  some  central  point;  and  similarly  the  depression  caused  by  off- 
shore winds  may  cause  a  tendency  toward  the  restoration  of  the 
eqtiilibrium  by  lateral  shore  currents.  Winds  blowing  from  direc- 
tions from  N.  W.  by  N.  around  to  the  N.  and  E.  to  S.  W.  by  S.  will 
tend  to  produce  a  southwesterly  littoral  current,  while  winds  from 
directions  from  N.  W.  by  N.  around  to  the  W.  and  S.  to  S.  W.  by  S. 
will  produce  a  northeasterly  littoral  current. 

In  the  report  of  the  Chief  of  Engineers,  U.  S.  A.,  for  1880,  page 
1  220  el  seq.,  there  are  thirteen  diagrams  which  show  the  direction  of 
the  wind,  the  number  of  miles  traveled  and  the  duration  in  hours  for 
each  month  in  the  year  from  June,  1879,  to  May,  1880,  inclusive,  and 
for  the   whole  year,  made   from   the   records    of    a   self-registering 
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anemometer  at  Galveston,  Texas.  The  latter  diagram  (for  the  whole  Mr.  Ripley, 
year)  is  reproduced  in  Fig.  6,  and  to  it  is  added  a  dotted  line 
through  the  center  of  the  compass  rose  indicating  the  neutral  axis  of 
wind  effect  uj)on  littoral  movement.  The  direction  of  this  line  is  N. 
W.  by  N.  and  S.  W.  by  S.  The  full  line  shows  the  number  of  miles 
traveled  by  the  wind,  and  the  dotted  line  the  corresponding  time.  The 
scale  for  the  wind  is  in  miles,  and  for  the  time  is  in  hours,  the  circum- 


WIND  DIAGRAM  FOR 
GALVESTON  HARBOR 

for  the  year  june  18  79  to  may  1880  inclusive 
distance  traveled  from  all  direotions  126,470  m. 

total  hours  8,546 

mean  velocitv  per  hour  14.79  m. 

record  of  233  hours  lost 

Fig.  6. 


fei'ence  of  the  small  circle  at  the  center  of  the  compass  rose  being  the 
zero  of  the  scale.  The  area  embraced  within  the  curve  to  the  right  of 
the  neutral  axis  (looking  N.W.)  represents  the  amount  of  wind  tending 
to  i^rodiice  a  southwesterly  littoral  current,  while  the  area  embraced 
within  the  curve  to  the  left  of  the  line  rej^resents  the  amount  of  wind 
tending  to  produce  a  northeasterly  littoral  current.  It  may  be  seen 
from  these  diagrams  that  winds  favorable  to  the  production  of  a  south- 
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Mr.  Ripley,  westerly  littoral  current  prevail  almost  wholly  throughout  the  months 
of  September,  October  and  November,  the  greater  part  of  the  months 
of  January,  February,  March,  May,  June  and  December,  a  small  part 
of  April,  and  somewhat  more  than  half  of  the  months  of  May  and 
August;  while  the  winds  favorable  to  the  production  of  a  northeast- 
erly littoral  current  prevail  during  nearly  the  whole  of  the  month  of 
July,  the  larger  2Jart  of  April,  a  considerable  part  of  August,  and  only 
a  very  small  part  of  January,  February,  March,  May,  June  and  De- 
cember. The  diagram  for  the  whole  year  (Fig.  6)  indicates  that  more 
than  two-thirds  of  the  winds  throughout  the  year  are  favorable  to  the 
l^roduction  of  a  southwesterly  littoral  current. 

However,  this  is  not  all.  The  littoral  movement,  that  is,  the 
movement  of  sand  along  the  shore,  is  dependent  upon  other  condi- 
tions than  simply  that  of  the  current.  A  current  may  flow  gently  in 
one  direction  for  a  long  time  without  producing  any  appreciable  effect 
in  sand  movement,  unless  the  sand  is  stirred  up  and  held  in  suspen- 
sion by  wave  action,  and  it  is  well  known  that  those  winds  which  tend 
to  produce  a  southwesterly  current  also  produce  the  heaviest  breakers 
upon  the  coast;  hence  the  littoral  movement  to  the  southwest  is  much 
greater  than  is  represented  by  the  duration  of  the  littoral  current  in 
that  direction. 

The  resultant  amount  of  the  littoral  movement  along  the  north- 
west and  west  coast  of  the  Gulf  of  Mexico  is  more  definitely  shown  by 
the  character  of  the  bars  and  channels  at  the  various  passes  along  the 
coast.  In  their  original  condition  the  channels  leading  from  the 
passes  across  the  bar  to  the  Gulf  were  invariably  flexed  to  the  south, 
with  two  notable  exceptions,  namely,  the  mouth  of  the  Brazos  River, 
in  Texas,  and  the  moiith  of  the  Panuco  River,  in  Mexico.  The  cause 
of  the  southerly  flexure  at  other  jjlaces  is  the  resultant  southwest- 
erly littoral  movement,  which  deposits  sand  upon  the  northeast  side 
of  the  channel  and  forces  it  over  to  the  south.  This  was  very  evi- 
dent at  Galveston  where  the  channel  after  passing  beyond  the  gorge, 
turned  abruptly  to  the  south  and  extended  for  4  miles  before  cross- 
ing the  bar.  At  Pass  Cavallo  the  channel  hugs  the  west  shore  of 
the  Pass  for  more  than  4  miles  to  the  south,  when  by  going  southeast 
a  much  shorter  route  to  the  Gulf  could  be  had.  At  Aransas  Pass  the 
channel  formerly  turned  south  inside  of  the  wreck  Mary,  crossing  the 
bar  far  to  the  south  of  its  present  position.  The  easterly  flexure  of 
the  channel  at  the  mouth  of  the  Brazos  River  is  caused  by  the  alluvial 
deposit  from  the  river,  to  the  west  of  the  mouth,  due  to  the  south- 
westerly littoral  current.  This  deposit,  being  at  times  greatly  in 
excess  of  the  littoral  movement  of  sand,  forces  the  channel  to  the 
eastward  on  the  line  of  least  resistance.  A  similar  condition  exists  at 
the  mouth  of  the  Panuco  River,  in  Mexico,  where  the  enormous  alluvial 
deposit  in  front  and  to  the  south  of  the  mouth  of  the  jetties  has  caused 
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a  northeasterly  flexure  of  the  channel,  to  meet  the  conditions  of  least  Mr.  Ripley, 
resistance. 

The  southwesterly  movement  of  the  passes  along  the  Texas  coast  is 
also  a  measure  of  the  resultant  littoral  movement.  Galveston  Island 
has  very  materially  shortened  its  length  at  the  east  end  by  erosion 
and  increased  its  length  at  the  west  end  by  accretion,  within  the 
period  of  official  surveys.  Pass  Cavallo  has  moved  to  the  westward 
within  the  experience  of  the  writer,  so  as  to  completely  engulf  an  old 
fort  built  by  the  Confederates,  and  has  eroded  the  shore  for  consider- 
able distance  beyond. 

The  movement  of  Aransas  Pass  is  remarkable.  The  following 
table,  compiled  from  official  records,  shows  the  amount  by  periods: 

Movement  of  Abansas  Pass  to  the  Southwest  fkom  1861  to  1887. 


Dates. 

Movement. 

Time. 

Movement  per  year. 

1861  to  1868 

1  300  ft. 
650  " 
400  " 

1500  " 

700  " 

1.50  " 

75  " 

7  years. 

3  " 

4  " 

3  " 

4  " 
3      " 
2      " 

186  ft. 

1868  to  1871 

217  " 

1871  to  1875 

100  " 

1875  to  1878 

500  " 

1878  to  1882 

178  " 

1882  to  1885 

50  " 

1885  to  1887 

37  " 

1861  to  1887 

4  775  ft. 

26  years. 

184  ft. 

An  inspection  of  this  table  shows  that  the  southwesterly  movement 
of  this  pass,  although  not  uniform,  has  been  continuous  for  26  years, 
and  the  topography  of  St.  Joseph  Island  indicates  that  this  move- 
ment has  progi'essed,  from  a  point  near  Lydia  Ann  Island,  a  distance 
of  2^  miles  from  its  present  location  probably  within  the  present 
century.  The  extraordinary  movement  from  1875  to  1878  was  jarob- 
ably  due  to  the  storm  of  1875,  which  was  one  of  remarkable  severity, 
and  the  small  movement  since  1882  has  been  due  to  artificial  works 
which,  since  their  comj)letion,  have  rendered  the  position  of  the  Pass 
stable. 

The  theory  advanced  by  the  author  as  a  basis  for  the  design  of  the 
curved  breakwater  partially  constructed  by  the  Aransas  Pass  Harbor 
Company  is  entirely  new  to  the  writer,  and  if  it  were  correct  the  de- 
signers of  the  work  would  certainly  be  subjected  to  the  ridicule  of 
the  i^rofession.  A  concise  statement  of  the  theory  ujDon  which  this 
work  was  designed  is  to  be  found  on  page  33  of  House  Document  137, 
55th  Congress,  2d  Session,  from  which  the  following  quotation  is 
made: 

"  In  plan  it  will  differ  fi'om  the  usual  form  of  jetty  or  breakwater, 
being  detached  from  the  shore  and  located  on  the  bar  to  the  '  wind- 
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Mr.  Ripley,  ward  '  of  the  channel.  Its  axis  will  be  curved  (compound  and  reverse) 
to  j)roduce  reactions  similar  to  those  found  in  the  concavities  of 
streams,  and  having  radii  sufficient  to  maintain  channels  of  the 
requisite  depths,  as  revealed  by  existing  curves  and  their  result- 
ing depths  of  over  30  ft.,  now  foimd  inside  the  bar.  It  is  designed  to 
fulfill  the  fundamental  conditions  of  {a)  arresting  the  littoral  drift; 
(b)  admitting  the  full  tidal  prism  to  the  interior  lagoons;  (c)  con- 
trolling the  ebb  currents  and  producing  a  reaction  across  the  bar; 
(r/)  changing  the  condition  of  equilibrium  of  flood  and  ebb  currents 
in  favor  of  the  latter;  and  (e)  of  affording  aids  to  navigation  by  a 
structure  of  only  half  the  length  of  the  usual  convergent  or  parallel 
jetties  in  pairs. " 

The  partial  execution  of  this  work  has  fully  confirmed  the  correct- 
ness of  this  theory,  both  as  to  results  and  economy  of  execution. 

If  the  author  has  really  proved,  as  he  says,  by  a  series  of  experi- 
ments that  the  littoral  current  at  Pass  Cavallo  comes  from  the  south, 
it  would  be  a  valuable  addition  to  his  paper  to  include  that  demon- 
stration in  his  final  remarks. 
Mr.  Sweitzer.  N.  B.  SwEiTZEK,  Jr.,  Jun.  Am.  Soc.  C.  E. — It  was  not  the  intention 

of  the  author  to  enter  into  the  merits  of  the  different  systems  of  jetty 
construction,  nor  did  he  intend  to  cast  any  reflections  on  Mr.  Cameron, 
and  his  engineers,  Messrs.  Haupt,  Wisner  and  Ripley,  as  to  the  merits 
of  their  reaction  jetty  at  Aransas  Pass,  Texas.  That  the  jetty  was  well 
planned  and  the  idea  novel,  there  can  be  but  little  doubt,  and  if  it  had 
been  placed  on  the  south  side  of  the  Pass  instead  of  the  north,  with  the 
spur  jetty  north  of  it,  in  the  oi^inion  of  the  author,  the  promised  depth 
would  have  been  obtained.  In  this  connection  it  should  be  stated  that 
the  last  Government  survey  of  the  Pass,  in  the  fall  of  1888  (of  the  in- 
strumental work  of  which  the  author  was  in  charge),  showed  no  positive 
evidence  of  a  "jetty  crossing  the  work"  and  stojaping  erosion  on  the 
crest  of  the  bar. 

The  author,  on  behalf  of  the  contractor,  and  Mr.  Pitts  for  the  com- 
pany, had  joint  charge  of  a  survey  made  about  four  months  previous  to 
this,  which  revealed  nothing  positive  as  to  this  old  jetty.  There  is  a 
supposition,  but  no  positive  proof,  that  this  jetty  still  exists. 

Considerable  stress  is  put  on  tlie  fact  that  the  inlets  on  this  jDart  of 
the  Texas  coast  are  moving  toward  the  south,  and,  therefore,  the  littoral 
current  also  miist  necessarily  move  south. 

"  It  is  generally  assumed  that  the  motion  of  a  body  is  in  the  direction 
of  the  resultant  of  the  component  forces  acting  iipon  it.  This  being  a 
physical  law  the  dii'ection  of  movement  of  the  inlets  (when  un- 
restricted) should  indicate  the  direction  of  the  forces  caiising  that 
effect.  Hence,  when  it  is  found  that  an  inlet  is  moving  to  the  soiith, 
it  is  difficult  to  understand  how  the  littoral  current  (producing  that 
Ijrogression)  flows  from  the  south." 

The  littoral  current  moving  north  along  Mustang  Island  (Fig.  7) 
intersects  the  current  either  at  ebb  or  flood  tide  coming  through  the 
Pass  and  normal  to  it,  thus  changing  the  direction  of  the  littoral  current 
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(locally)  and  preventiug  it  from  impinging  on  the  south  side  of  St.  Joseph  Mr.  Sweitzer. 
Island.  The  littoral  current  does  not  have,  at  all  times,  of  itself, 
enough  bottom  velocity  (as  mentioned  in  the  pajaer)  to  carry  the  heavy 
sands,  bnt,  held  in  suspension  by  the  waves,  they  are  carried  across  the 
Pass  from  Mustang  Island,  from  which  they  are  detached  by  continuous 
and  heavy  breakers  caused  by  southeast  winds,  and  deposited  on  the 
south  shore  of  St.  Joseph  Island.  It  should  be  mentioned  here  that 
winds  from  the  north,  or  "northers,"  do  not  cause  surf,  and  hence  the 
sands  are  but  little  disturbed  on  the  Gulf  side,  but  these  winds  do  drive 
the  waters  with  gi%at  velocity  out  of  the  bays,  thus  helping  in  the 
southward  movement  of  the  inlets.  As  northers  last  but  a  few  days  in 
winter,  they  are  but  a  small  factor.  The  rip -rap  placed  on  the  north- 
ern shore  of  Mustang  Island  has  stopjaed  the  erosion  of  that  shore  line, 
but  in  six  months,  including  the  siimmer  of  1888,  when  there  was  not 
one  day  of  north  ^viuds,  St.  Joseph  Island  moved  sotith  200  ft.,  narrow- 
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Mr.  Haupt's  theory  regarding  the  circulation  in  the  Gulf  is  very 
interesting,  but  when  it  is  remembered  that  after  entering  the  Gulf  the 
rate  of  speed  is  about  3  miles  an  hour  and  it  would  be  hard  to  see  how 
this  could  be  kept  up  for  hundreds  of  miles  without  exerting  a  pro- 
pelling force,  it  is  probably  here  that  the  " vertical  movement"  men- 
tioned comes  in. 

Mr.  Ripley's  wind  diagram  for  the  harbor  of  Galveston,  coincides 
exactly  with  the  author's  theory,  viz.,  that  the  littoral  current  comes 
from  the  east  in  the  vicinity  of  Galveston,  where  it  meets  that  from  the 
southeast  dej^ending  on  the  intensity  and  velocity  of  the  wind.  It 
should  be  understood  that  this  current  is  controlled  by  the  wind,  and, 
like  the  Gulf  Stream  proper,  is  subject  to  many  fluctuations,  but  that 
the  main  course  is  that  indicated  by  the  author. 

Mr.  Kastl  is  respectfully  refen-ed  to  the  Annual  Report  of  the 
Chief  of  Engineers,  U.  S.  A. ,  September  6th,  1887,  which  states  : 

"A  map  of  recent  survey  shows  the  channel,  instead  of  running 
southeast  in  the  direction  intended,  turned  off  at  a  right  angle  and  run- 
ning northeast  across  the  jetty." 
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Mr.  Ripley,  ward  '  of  the  cliannel.  Its  axis  will  be  curved  (compound  and  reverse) 
to  produce  reactions  similar  to  those  found  in  the  concavities  of 
streams,  and  having  radii  sufficient  to  maintain  channels  of  the 
requisite  depths,  as  revealed  by  existing  curves  and  their  result- 
ing depths  of  over  30  ft.,  now  found  inside  the  bar.  It  is  designed  to 
fulfill  the  fundamental  conditions  of  (a)  arresting  the  littoral  drift; 
(b)  admitting  the  full  tidal  j^rism  to  the  interior  lagoons;  (c)  con- 
trolling the  ebb  currents  and  producing  a  reaction  across  the  bar; 
{d)  changing  the  condition  of  equilibrium  of  flood  and  ebb  currents 
in  favor  of  the  latter;  and  (e)  of  affording  aids  to  navigation  by  a 
structure  of  only  half  the  length  of  the  usual  convergent  or  parallel 
jetties  in  pairs." 

The  partial  execution  of  this  work  has  fully  confirmed  the  correct- 
ness of  this  theory,  both  as  to  results  and  economy  of  execution. 

If  the  author  has  really  proved,  as  he  says,  by  a  series  of  experi- 
ments that  the  littoral  current  at  Pass  Cavallo  comes  from  the  south, 
it  would  be  a  valuable  addition  to  his  paper  to  include  that  demon- 
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crest  of  the  bar. 

The  author,  on  behalf  of  the  contractor,  and  Mr.  Pitts  for  the  com- 
pany, had  joint  charge  of  a  survey  made  about  four  months  previous  to 
this,  which  revealed  nothing  positive  as  to  this  old  jetty.  There  is  a 
supposition,  but  no  positive  proof,  that  this  jetty  still  exists. 

Considerable  stress  is  put  on  the  fact  that  the  inlets  on  this  jsart  of 
the  Texas  coast  are  moving  toward  the  south,  and,  therefore,  the  littoral 
current  also  must  necessarily  move  soiith. 

"  It  is  generally  assumed  that  the  motion  of  a  body  is  in  the  direction 
of  the  resultant  of  the  component  forces  acting  iipon  it.  This  being  a 
physical  law  the  dii-ection  of  movement  of  the  inlets  (when  un- 
restricted) should  indicate  the  direction  of  the  forces  causing  that 
effect.  Hence,  when  it  is  found  that  an  inlet  is  moving  to  the  south, 
it  is  difficult  to  understand  how  the  littoral  current  (producing  that 
progression)  flows  from  the  south." 

The  littoral  current  moving  north  along  Mustang  Island  (Fig.  7) 
intersects  the  current  either  at  ebb  or  flood  tide  coming  through  the 
Pass  and  normal  to  it,  thus  changing  the  direction  of  the  littoral  current 
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(locally)  and  preventing  it  from  impinging  on  the  south  side  of  St.  Josej^h  Mr.  Sweitzer. 
Island.  The  littoral  cun-ent  does  not  have,  at  all  times,  of  itself, 
enoiigh  bottom  velocitv  (as  mentioned  in  the  jjaiDer)  to  carry  the  heavy 
sands,  but,  held  in  sixspension  by  the  waves,  they  are  carried  across  the 
Pass  from  Mustang  Island,  from  which  they  are  detached  by  continuous 
and  heavy  breakers  caused  by  southeast  winds,  and  dejoosited  on  the 
south  shore  of  St.  Josej^h  Island.  It  should  be  mentioned  here  that 
winds  from  the  north,  or  "northers,"  do  not  caiise  surf,  and  hence  the 
sands  are  but  little  disturbed  on  the  Gulf  side,  but  these  winds  do  drive 
the  waters  with  gi^at  velocity  out  of  the  bays,  thus  helping  in  the 
southward  movement  of  the  inlets.  As  northers  last  but  a  few  days  in 
winter,  they  are  but  a  small  factor.  The  rip-rap  placed  on  the  north- 
ern shore  of  Mustang  Island  has  stopped  the  erosion  of  that  shore  line, 
but  in  six  months,  including  the  summer  of  1888,  when  there  was  not 
one  day  of  north  ^vinds,  St.  Joseph  Island  moved  south  200  ft.,  narrow- 
ing the  Pass  to  that  extent.  These  are  facts,  not  theories,  as  the  author 
has  watched  this  movement  for  three  years.  n 

The  prevailing  winds  in  this  locality,  not  ■  \  ;     ^       t 

Galveston  or  Floiida,   are  from  the  soiith-  \        /    ^  /    to     . 

east,  and  blow  from  that  quarter  for  nine  y    ..:/    ^  /■■.[■  J'^    .'/. 

months  in  the  year,  as  records  kept  at  y^-.  (-^^^^■■-Z^l'.'^^'^'l'.''-'. 
Corpus  Christi  show.  Hardly  a  day  passes  ■■'/■'■ '\  \Cj^7.  .i  ■.■.'•  ■ 
in  the  summer  months  when  the  wind  does         .    >/      ,^,.^,    V'^S'Vo    g. 

v,_x MUSTANG  \.         \    .         ^>C      •  ■ 

not  blow  at  the  rate  of  from  15  to  30  miles  )^l  ^\ 

an  hour.     It  might  be  projDcr  to  state  here  f    .^'  "..'u  .  n 

that  this  is  with  one  exception  the  windiest  '■  f  12 '•    ';' 

place  in  the  United  States,  especiallv  in  the 

Fig.  7. 
summer. 

Mr.  Haupt's  theory  regarding  the  circulation  in  the  Gulf  is  very 
interesting,  but  when  it  is  remembered  that  after  entering  the  Gulf  the 
rate  of  speed  is  about  3  miles  an  hour  and  it  would  be  hard  to  see  how 
this  could  be  kept  up  for  himdreds  of  miles  without  exerting  a  pro- 
pelling force,  it  is  probably  here  that  the  "vertical  movement"  men- 
tioned comes  in. 

Mr.  Ripley's  wind  diagram  for  the  harbor  of  Galveston,  coincides 
exactly  with  the  author's  theory,  viz.,  that  the  Uttoral  current  comes 
from  the  east  in  the  vicinity  of  Galveston,  where  it  meets  that  from  the 
southeast  depending  on  the  intensity  and  velocity  of  the  wind.  It 
should  be  understood  that  this  current  is  controlled  by  the  wind,  and. 
Like  the  Gulf  Stream  proper,  is  subject  to  many  fluctuations,  but  that 
the  main  course  is  that  indicated  by  the  author. 

Mr.  Kastl  is  respectfuUy  refen-ed  to  the  Annual  Eeport  of  the 
Chief  of  Engineers,  U.  S.  A.,  September  6th,  1887,  which  states  : 

"A  map  of  recent  survey  shows  the  channel,  instead  of  running 
southeast  in  the  direction  intended,  turned  off  at  a  right  angle  and  run- 
ning northeast  across  the  jetty." 
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Mr.  Sweitzer.  Tlie  author  was  misinformed  regarding  the  jetty  at  Tampico,  but  if 

the  south  jetty  was  not  built  first,  it  should  have  been. 

Mr.  Wisner  observes  that  :  "  The  direction  of  the  resultant  littoral 
current  along  the  Texas  coast  has  been  established  beyond  question  by 
careful  observers."  The  author  has  a  letter  from  Professor  Menden- 
hall,  Chief  of  the  Coast  Sui-vey ,  in  which  he  says  :  ' '  Nothing  positive  is 
known  of  the  currents  in  the  Gulf  of  Mexico." 
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WITH  DISCUSSION. 


Historical. — Probably  there  is  no  bridge  site  on  the  Western  Con- 
tinent of  greater  technical  as  well  as  historic  interest  than  that  of 
the  Niagara  Railway  Arch.  Each  of  the  former  bridges  at  this  site 
possessed  in  its  day  new  and  striking  features,  and  marked  a  distinct 
advance  in  American  engineering. 

The  plan  of  spanning  the  Niagara  gorge  with  a  suspension  bridge 
probably  first  took  practical  shape  when  it  was  suggested  to  the  Hon. 
William  Hamilton  Merritt,  of  St.  Catharines,  Ontario,  by  a  descrip- 
tion of  the  Freiburg  Suspension  Bridge  in  a  letter  from  a  friend. 
This  was  in  1844.  In  1846,  through  Mr.  Merritt's  efforts,  charters 
were  obtained  from  the  State  of  New  York  and  the  Canadian  Govern- 
ment for  the  construction  of  the  first  bridge  across  the  gorge.  The 
scojje  of  the  bridge  to  be  built  was  not  then  definitely  determined, 
but  the  charters  show  an  appreciation  of  the  probable  development  of 
railroad  facilities  and  the  demand  for  a  railroad  bridge  at  this  point. 
At  that  time  there  was  no  railroad  to  Niagara  Falls  from  the  West,  al- 
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thougli  the  Great  Western,  afterward  a  lessee  of  the  bridge,  was  in 
course  of  construction. 

First  Suspension  Bridge. — In  the  winter  of  1847  the  bridge  com- 
panies made  a  contract  with  Charles  Ellet  to  construct  a  bridge  on  the 
site  occupied  by  the  present  bridge.  It  was  their  ultimate  purpose 
to  build  a  railway  bridge,  but  the  plan  was  delayed  for  some  years  by 
the  magnitude  of  the  undertaking  and  lack  of  funds.  Mr.  Ellet  first 
threw  across  the  gorge  a  cable  of  thirty-six  No.  9  wires,  on  which  a 
light  iron  carriage  was  run  for  about  a  year  and  used  for  the  pur- 
poses of  the  subsequent  work  and  for  passenger  service.  From 
this  was  developed  the  earliest  bridge  (shown  in  Plate  III),  which 
was  comjaleted  in  1848.  This  bridge  had  no  stiflfening  truss.  Its 
towers  were  of  wood,  and  the  expansion  rollers  consisted  of  a  single 
wooden  cylinder  under  each  group  of   cables,  that  is,  two  cylinders 

on  each  tower.     A  cross-section 
y       I  p     y   of    this     bridge    is     shown    in 

\  /  ^''-  '■ 

Y  y  Mr.  Ellet's  connection   with 

\  /  the   work   ceased   on    the  com- 

I  \  If^t^^tSsi,  4,-■^T^-,--H^^^^./^^;'H#^  J^  jjletiou  of  this   bridge,  and  he 

y 7'e' T  had  no   hand    in   planning  the 

CROSS  SECTION  OF  BRIDGE  AT  CENTER       railway  bridge   as  finally   built 

Fi«-  1-  in  1853-1855. 

Railway  Suspension  Bridge. — The  conception,  development  and  exe- 
cution of  this  bridge  were  the  work  of  the  late  John  A.  Eoebling,  M. 
Am.  Soc.  C.  E.  Both  as  an  engineering  feat  and  as  an  historical  event, 
Mr.  Roebling's  great  work  is  of  enduring  interest.  It  is  fair  to  say 
that  in  the  Niagara  Railway  Suspension  Bridge  the  results  of  theoreti- 
cal research  were  more  successfully  applied  to  practical  conditions, 
so  far  as  the  strength  of  materials  is  concerned,  than  in  any  other 
bridge  built,  up  to  that  time.  A  view  of  this  bridge  is  shown  in 
Plate  IV. 

Prior  to  this,  Mr.  Eoebling  had  built  six  suspension  bridges,  but 
these  were  for  light  highway  traffic  and  did  not  demonstrate  his  abili- 
ties to  the  extent  shown  by  this  work. 

The  idea  of  a  suspension  bridge  for  railway  service  met  with  strong 
opposition,  some  of  it  from  high  sources.  Its  opponents  insisted  that 
a  suspension  bridge  under  the  weight  of  a  railway  train  must  neces- 
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sarily  be  subjected  to  excessive  and  daagerous  deflection.  Mr.  Steven- 
son was  at  this  time  evolving  the  plans  for  the  Victoria  Tubular  Bridge 
at  Montreal,  and  opinion  was  divided  as  to  the  comparative  merits  of 
the  two  types.  It  was  no  small  part  of  Mr.  Koebling's  task  to  over- 
come the  prejudice  against  his  chosen  type  of  bridge.  Even  after  its 
completion  and  successful  operation  for  several  years,  it  was  still  the 
object  of  much  criticism,  most  of  which  was  biased  and  absurd.  It 
is  a  strange  coincidence  that  these  two  bridges,  the  Niagara  Railway 
Suspension  Bridge  and  the  Victoria  Tubular  Bridge,  built  at  about 
the  same  time  aud  for  the  same  object,  but  so  totally  diflferent  in 
principle,  should  serve  for  almost  the  same  length  of  time  and  pass 
out  of  existence  together,  to  give  place  to  more  vigorous  successors, 
better  capable  of  meeting  the  ever-growing  exactions  of  trade  and- 
travel. 

It  was  Mr.  Roebling's  firm  conviction  that  no  other  type  of  bridge 
was  adaptable  to  the  Niagara  gorge,  and  that  the  suspension  bridge 
was  the  coming  type  for  long-span  bridges.  In  the  first  view  he  was 
mistaken,  for  of  the  three  bridges  now  spanning  the  gorge,  only  one 
is  a  suspension  bridge,  and  that  is  being  rejilaced.  In  the  second, 
he  was  likewise  wrong,  and  yet  in  a  measure  right.  The  Niagara 
Bridge  was  the  only  railway  suspension  bridge  ever  built.  Only 
one  other  was  commenced,  and  that  was  not  completed.  Still,  this 
type  has  been  accepted  by  high  authority  as  available  for  spans  of 
a  length  beyond  the  reach  of  other  types,  for  railway  as  well  as 
highway  service.  Even  viewed  in  the  light  of  increased  experience, 
and  among  the  vastly  multiplied  works  of  the  engineer,  despite 
flaws  developed  by  long  service,  and  reconstruction  rendered  neces- 
sary by  time  and  abuse,  the  Niagara  Railway  Suspension  Bridge 
will  always  be  considered  a  monument  to  engineering  skill.  It  was 
a  great  leap  toward  the  high  jilane  occupied  by  bridge  construction 
at  the  i^resent  day. 

Reconstruction  of  Kailii'ay  Suspension  Bridge. — In  1877,  examination 
disclosed  that  the  outside  layers  of  wires  in  the  cables  had  corroded  at 
the  anchorages.  The  cables  were  here  embedded  in  concrete.  The 
strain  on  them  due  to  moving  loads  had  worked  them  loose  from  the 
concrete,  and  left  a  small  surrounding  space  open  to  the  admission  of 
water.  This  resulted  in  considerable  corrosion,  especially  underneath 
the  cables,  from  the  face  of  the  masonry  back  to  the  shoe. 
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The  renovation  of  the  cables,  and  all  the  subsequent  work  of  renew- 
ing the  bridge,  was  designed  and  executed  by  L.  L.  Buck,  M.  Am. 
Soc.  C.  E.  The  defective  Avires  were  cut  out  and  the  sound  ends  con- 
nected and  spliced  under  proper  stress.  The  greatest  number  of  wires 
that  required  splicing  at  one  end  of  any  of  the  cables  was  65.  The 
wires  removed  were  thorovTghly  tested  to  ascertain  if  there  had  been 
any  deterioration  other  than  that  due  to  local  corrosion.  The  results 
indicated  none  whatever.  In  fact,  some  of  the  wires,  corroded  partly 
through,  showed  a  greater  ultimate  strength  per  square  inch  of  re- 
maining section  than  did  the  unaffected  wire. 

The  wire  in  the  cables  of  the  early  Ellet  bridge  was  used  in  the  cables 
of  the  railway  bridge.  The  total  number  of  wires  in  the  four  cables 
was  14  560.  When  the  cables  were  taken  down  last  year  the  wires 
were  in  an  excellent  state  of  preservation.  In  fact,  it  can  be  safely 
stated  that,  after  42  years  of  service,  they  were  as  sound  as  when  first 
placed  in  position.  It  is  interesting  to  note  that  when  the  strands 
were  cut  into  short  lengths  they  curled  up,  an  indication  that  they 
still  retained  the  set  given  them  by  the  reels  on  which  they  had 
originally  been  coiled,  and  that  they  had  not  been  overstrained. 

During  the  work  of  repairing  the  cables  it  was  discovered  that 
parts  of  the  anchorage  had  been  badly  strained,  by  reason  of  imper- 
fectly formed  eye-bar  heads,  light  jjins,  and  imperfect  packing.  To 
reinforce  these,  two  new  anchorages  were  put  down  behind  the  old 
ones,  on  each  side  of  the  river,  connecting  directly  with  the  shoes 
carrying  the  strands  of  the  cables.  This  addition  increased  the 
strength  of  the  anchorages  about  50  per  cent. 

While  reinforcing  the  anchorages,  Mr.  Buck  made  a  careful  study 
of  the  problem  of  renewing  the  stiffening  truss.  The  old  wooden 
truss  was  very  badly  decayed  and  racked,  and  was  fast  becoming 
ineffective.  His  plans  contemplated  replacing  the  wooden  truss  with 
a  metal  truss  without  interrupting  traffic.  At  the  time,  this  was  con- 
sidered a  very  daring  undertaking,  and  grave  fears  were  felt  as  to  its 
safety  and  success.  However,  in  1880  the  entire  plan  was  carried  out 
without  a  single  serious  mishap.  This  change  decreased  the  dead  load 
on  the  cables  by  178  tons,  and  jaermitted  a  safe  increase  of  live  load 
of  from  200  to  350  tons. 

A  full  description  of  the  work  of  reinforcing  the  anchorages  and 
renewing  the  stiffening  truss  can  be  found  in  Mr.  Buck's  paper  on  the 
subject  in  the  Transactions  of  the  Society,  June  15th,  1881. 
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In  1886  it  was  decided  that  safety  demanded  the  renewal  of  the  stone 
towers  carrying  the  cables.  These  had  for  some  years  shown  signs  of 
disintegration,  but  they  were  kej)t  in  fair  condition  by  replacing  de- 
fective stones  from  time  to  time  with  sound  ones.  The  disintegra- 
tion was  due  to  the  inferior  quality  of  the  stone,  and  was  augmented 
by  the  failure  of  the  rollers  under  the  cable  saddles  to  perform  their 
function  because  of  rust.  In  fact,  when  the  roller  beds  were  taken 
out,  the  rollers  were  found  to  be  fixed  immovably  in  a  mass  of  rust 
and  cement,  which  had  worked  its  way  in  from  the  mortar  with  which 
the  saddles  were  originally  covered  by  Mr.  Eoebling.  This  caused 
rocking  of  the  towers  under  live  load  and  changes  of  temperature, 
and  greatly  accelerated  the  destructive  action  of  the  frost  on  the 
masonry.  It  was  at  first  attempted  to  preserve  the  towers  by  cutting 
away  the  defective  surface  stones  and  casing  them  in  sound  masonry, 
but  it  soon  developed  that  the  disintegration  had  penetrated  too 
deeply  to  be  remedied  by  this  means.  It  was  then  decided  to  replace 
them  with  towers  of  iron. 

Briefly  described,  this  was  accomi^lished  as  follows; 

The  corners  of  the  stone  towers  were  cut  away,  to  admit  the  piers 
and  legs  of  the  new  towers,  which  were  then  placed  in  position  and 
temporarily  secured  to  the  former  with  clamps.  The  saddles  carry- 
ing the  cables  on  one  tower  were  then  lashed  securely  to  a  lifting- 
frame,  consisting  of  bent  eye-bars  and  built  beams,  and  the  two  cables 
were  raised  together  by  means  of  six  125-ton  hydraulic  jacks,  resting 
on  the  new  tower  leg.  When  lifted  high  enough,  the  weight  of  the 
cables  was  taken  on  four  short  cast  columns,  one  at  the  top  of  each 
tower  leg.  The  old  saddle  bearings  and  three  courses  of  masonry 
were  then  removed,  and  the  heavy  built  base  to  take  the  bed  plates 
under  the  saddles  was  moved  into  place.  The  new  rollers  and  bed 
plates  were  then  j)laced  under  the  saddles  and  the  weight  taken 
on  them.  While  the  cables  were  being  lifted,  a  period  of  about  eight 
hours,  no  trains  were  allowed  on  the  bridge.  This  completed  the 
work  of  reconstruction  of  the  suspension  bridge.  There  then 
remained  nothing  of  the  original  structure,  except  the  cables,  saddles, 
suspenders  and  anchorages.  The  reconstructed  bridge  is  shown  in 
Plate  V. 

It  was  thought,  when  it  was  decided  to  replace  the  suspension 
bridge,  that  the  old  bridge  could  be  utilized  at  another  site,  but  when 
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the  work  was  done,  no  site  was  available;  and,  owing  to  the  difficulty 
and  expense  of  taking  it  down  in  proper  condition  for  re-erection,  the 
whole  structure,  except,  perhaps,  the  suspenders  and  the  wind-guys, 
was  consigned  to  the  scrap  heap.  Some  of  this  material,  after  going 
through  the  furnace  and  rolls,  will  appear  again  in  the  Niagara  Falls 
and  Clifton  Bridge. 

Arch. — The  completed  arch  is  shown  in  Plate  VI.  In  treating  of 
the  present  bridge,  a  simple  recital  of  the  facts,  as  observed  by  the 
author,  is  all  that  he  can  contribute  towards  a  discussion  of  the 
principles  involved  in  the  evolution  of  a  work  with  which  he  was 
fortunate  in  being  associated,  during  its  design  and  execution.  He 
feels  that  much  of  value  can  be  and  should  be  contributed  on  the 
subject  of  steel  arch  construction  from  many  well-equipped  sources, 
and  therefore  hopes  that  whatever  is  lacking  in  the  paper  will  be 
forthcoming  in  its  discussion. 

The  steel  arch  has.  within  the  past  few  years,  grown  greatly  in  in- 
terest and  importance,  and  is  entitled  to  full  consideration.  It  is 
rigid,  and,  at  such  a  site  as  the  Niagara  Gorge,  is  economical  beyond 
any  other  type.  It  also  stands  far  ahead  of  all  others,  except,  that  in 
point  of  beauty,  perhaps  its  anti-type,  the  susijension  bridge,  takes 
first  place  in  the  minds  of  some. 

There  is  lacking  the  simple  practical  treatment  of  metal  arches 
which  has  been  given  to  other  types  of  trusses,  a  treatment  which 
would  supply  the  wants  of  the  engineer  who  seeks  results  and  cannot 
afford  to  master  the  numerous  partial  and  abstract  treatises  in  order  to- 
reach  them. 

The  fund  of  information  on  this  sitbject  is  not  scant,  but  it  needs 
concentration. 

The  author  has  derived  much  assistance  from  the  work  on  arches,* 
by  Charles  E.  Greene,  M.  Am.  Soc.  C.  E.,  but  this  does  not  sujoply  the 
entire  need. 

Divifiion  of  Types.  — Arches  are  usually  divided  into  three  general 
types:  1st,  three-hinged;  2d,  two-hinged;  3d,  hingeless  or  elastic. 
Without  changing  the  form  or  arrangement,  or  in  fact  anything  other 
than  inconspicuous  details,  the  same  general  design  can  be  put  in  any 
of  the  three  classes,  and  in  each  instance  will  be  subjected  to  radically 
different  stresses  and  deflections  under  load.     The  problem  as  to  which 

*  "Trusses  and  Arches  Analyzed  and  Discussed  by  Graphical  Methods."' 
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of  the  three  types  is  best  sviited  to  given  conditions  is  difficult  to 
solve. 

The  three-hinged  arch  has  been,  and  will  perhaps  continue  to  be, 
a  jiopular  type,  on  account  of  its  simplicity  of  computation  and  adjust- 
ment, and  the  practical  absence  of  temperature  stresses.  Ho-wever, 
what  is  gained  in  these  respects  is  at  the  cost  of  rigidity,  a  matter  of 
smaller  importance  in  roof  trusses,  biit  of  great  importance  in  bridges, 
especially  in  those  for  heavy  service.  Every  hinge  is  intended  to  pro- 
vide for  movement,  and  facilitates  distortion  under  eccentric  loading. 
A  marked  advantage  in  removing  the  center  hinge  is  that  reversal 
in  the  web  members  is  greatly  reduced,  and  the  top  chord  is  made  to 
carry  a  larger  proportion  of  the  stresses  which  are  otherwise  carried 
almost  entirely  by  the  rib. 

Hence  the  question  arises:  which  is  preferable,  ease  of  calculation 
and  adjustment,  inconsiderable  temperature  stresses  and  greater 
vibration,  or  greater  rigidity  with  increased  temperature  stresses  and 
difficulty  of  adjustment  ?  On  similar  grounds,  comparison  can  be 
made  between  the  two-hinged  and  the  hingeless  arches. 

Niagm-a  Railway  Arch. — In  the  design  of  the  Niagara  Railway  Arch, 
the  i^roblems  presented  by  the  excessive  loading  to  be  provided  for, 
by  the  length  of  the  s^^an,  and  in  the  erection,  which  had  to  be  accom- 
plished without  interruption  to  traffic,  all  required  careful  treatment. 
The  Chief  Engineer,  after  a  thorough  investigation  of  all  available 
types,  fixed  on  the  two-hinged  spandrel-braced  arch  as  best  meeting 
all  requirements.  In  1882-83,  when  the  subject  of  building  a  bridge 
for  the  Michigan  Central  Eailway,  across  the  Niagara  Gorge,  was  under 
consideration,  he  prepared  a  design  and  estimate  for  a  spandrel-braced 
arch  for  that  work,  to  be  erected  in  the  same  manner  as  the  Niagara 
Eailway  Arch.  This  design  included  the  center  hinge.  However,  no 
opportunity  was  given  to  present  it  to  the  Bridge  Company.  The 
present  cantilever  was  the  design  adopted  and  built.  The  Driving 
Park  Avenue  bridge  at  Rochester,  also  designed  by  him,  was  a  three- 
hinged  spandrel-braced  arch.  The  cantilever  method  of  erection  was 
likewise  contemplated  in  the  Rochester  design,  but  as  the  use  of  false- 
work there  was  not  impossible,  and  the  method  of  erection  was 
optional  with  the  contractors,  they  adhered  to  the  latter  method. 

After  a  careful  consideration  of  the  vibrations  of  the  Rochester 
bridge,  under  loads  most  calculated  to  produce  vibrations,  Mr.  Buck 
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decided  that  it  would  be  best  to  omit  the  center  hinge  in  the  Niagara 
Arch.  Yet  his  investigations  showed  that  at  Eochester,  as  probably  in 
most  cases,  the  vibrations  seemed,  to  a  person  standing  on  the  structure, 
to  be  much  greater  than  they  actually  were.  The  results  in  this  regard 
in  the  Niagara  Arch  are  very  gratifying.  Vibrations  due  to  trains 
passing  over  at  a  rate  of  20  miles  per  hour  are  scarcely  noticeable, 
while  the  generally  irresistible  jog  trot  of  a  horse  seldom  jiroduces  the 
usual  responsive  swing.  The  stiffness  thus  attained,  the  author 
believes,  has  never  been  found  in  any  other  bridge  of  equal  span. 
The  calculated  deflection  under  a  moving  load  of  10  000  lbs.  per  run- 
ning foot  is  lyf  ins. ,  and  the  observed  deflection  under  the  test  load, 
which  was  about  6  500  lbs.  per  running  foot,  was  H  in. 

Method  of  Calculation. — The  absence  of  the  center  hinge  in  the  span- 
drel-braced arch  renders  the  calculation  of  stresses  decidedly  more 
difficult  than  in  the  three-hinged  type.  The  method  of  calculation 
used  was  that  given  in  Professor  Greene's  book  on  Arches,  Chapter 
XII.  However,  the  sections  of  the  rib  in  the  Niagara  Railway  Arch 
are  increased  so  as  to  be  a  mean  between  those  required  by  this 
method  and  what  would  be  required  if  there  were  a  third  hinge. 
This  was  done  to  meet  any  inaccuracy  of  adjustment  due  to  varying 
temperature. 

Foundations. — The  skewbacks  of  the  arch  span  were  located  with  a 
view  to  bring  the  thrust  of  the  arch  on  the  "  Clinton  Ledge,"  a  solid 
stratum  of  gray  limestone,  from  12  to  14  ft.  thick,  abouthalf  way  between 
the  water  and  the  top  of  the  bluff.  Above  is  a  blue  shale,  and  below 
is  the  beginning  of  the  Medina  sandstone  formation,  thin  layers  of  shale 
and  sandstone  sometimes  running  into  solid  sandstone  4  to  5  ft.  thick. 
The  bearing  comes  very  fairly  on  the  ledge  on  the  New  York  side, 
where  the  stone  was  cut  at  the  right  angle  to  receive  the  masonry 
directly.  But  on  the  Canada  side,  the  bearing  was  not  so  favorable 
and  concrete  had  to  be  used  under  the  front  of  the  south  skewback 
and  under  the  entire  north  skewback.  The  heavy  face  wall  under  the 
New  York  skewbacks  was  necessitated  by  the  undue  encroachment  of 
the  Gorge  Eoad  upon  the  site.  The  cut  made  for  this  road  left  here 
an  almost  vertical  face,  liable  to  disintegration  on  exposure,  directly 
at  the  front  of  the  skewbacks.  The  skewback  masonry  is  limestone, 
with  granite  copings,  entirely  of  dimension  stones  with  ^-in.  joints  and 
strong  bond. 
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All  masonry,  except  the  retaining  wall  under  the  New  York  skew- 
backs,  was  put  in  with  rented  plant  and  hired  labor,  with  results  very 
satisfactory,  both  as  to  the  cost  and  the  quality  of  the  work  obtained. 

The  maximum  loads  on  the  masonry  are  as  follows  : 

On  top  of  coping 339  lbs.  per  sqitare  inch. 

Under  "        300    "       " 

On  concrete 113    "      " 

Bust  Joint. — The  rust  joint,  between  the  masonry  and  the  shoe,  is  a 
mixtiire  of  32  parts  of  cast-iron  filings  to  1  part  of  sal  ammoniac 
by  weight,  very  thoroughly  rammed.  These  ingredients  and  i)ro- 
jDortions  were  adopted  after  experimenting  with  several  formulae. 
Thorough  ramming  is  the  most  important  part  of  the  operation. 

Mid  Bearings. — The  details  of  the  end  bearings  of  the  arch  span 
are  shown  in  Fig.  2. 

They  consist  of  two  steel  castings,  having  between  the  concave  face 
of  the  lower  and  the  convex  face  of  the  upper  a  nest  of  45  segmental 
rollers  set  radially  with  respect  to  the  center  movement  at  A.  The 
axis  of  the  cylindrical  bearing  faces  is  likewise  at  A,  and  jjerpendicular 
to  the  vertical  axial  plane  of  the  bridge.  This  form  of  bearing  reduces 
frictional  resistance  much  as  a  ball-bearing  does,  and  was  adopted  to 
avoid  the  use  of  an  excessively  large  pin,  with  which,  movement  is 
rather  doubtful  of  realization. 

In  placing  the  rollers,  the  outside  plugs  b  were  inserted  tempo- 
rarily, to  hold  them  in  their  correct  radial  jjosition  and  render  them 
fixed.  At  the  top  the  rollers  almost  touch  each  other,  and  in  the  wider 
spaces  at  the  bottom  there  are  -A^-in.  square  bars  to  cause  contact  and 
restrict  movement  shoiild  there  be  any  tendency  to  overturn.  The 
bars,  tap-bolted  on  both  the  upper  and  the  lower  castings  at  each  end 
of  the  roller  beds,  are  further  safeguards  against  undue  movement. 
Thus  the  rollers  act  like  leaves,  and  can  move  either  way  through  only 
a  limited  range  without  binding.  As  the  movement  of  the  rollers, 
due  to  moving  load  and  temperature,  is  scarcely  appreciable,  there  is 
no  danger  of  the  limit  being  reached.  After  the  first  panel  of  the  arch 
was  completed,  connected  with  the  anchorage,  and  swung  back  to  cor- 
rect i^osition  for  proceeding  with  erection,  the  check  plugs  were  re- 
moved and  the  rollers  were  thus  freed.  The  center  plugs  and  the 
guide  bars  remained  permanently. 
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The  bearing  on  the  rollers,  with  maximum  load  on  the  bridge,  is 
2  200  lbs.  per  lineal  inch  of  roller,  assuming  the  pressure  to  be  uni- 
form on  all  the  rollers.  The  upper  and  the  lower  castings  were  cast 
each  in  one  piece.  The  J-in.  jilates  on  the  bottom  of  the  lower  cast- 
ings were  intended  as  a  precaution  against  any  possible  rupture  of  the 
castings. 

The  manufacture  of  the  bottom  castings  gave  considerable  trouble 
on  account  of  their  failure  to  shrink  in  the  usual  manner  of  steel  cast- 
ings, which  was  doubtless  due  to  the  thinness  of  the  metal  and  the 
unyielding  nature  of  the  cores. 

The  eye-bars  connecting  the  rib  directly  to  the  lower  casting  were 
intended  to  prevent  any  possible  displacement  of  the  rib  or  upper 
casting,  a  precaution  needed  probably  only  during  erection. 

TVusaes. — The  trusses,  as  stated  above,  are  spandrel-braced,  with 
horizontal  top  chord  and  parabolic  rib.  They  are  battered  1  in  10. 
The  inclination  of  the  planes  of  the  trusses  with  reference  to  the  end 
bearings  is  provided  for  by  a  double  beveled  face  on  top  of  the  upper 
casting.     This  is  the  only  double  beveled  face  in  the  arch. 

The  camber  of  the  arch  was  designed  to  be  8  ins.  at  60^  Fahr.  It 
has  been  observed  to  range  from  10  ins.  at  summer  heat  to  7  ins.  at 
zero. 

The  arrangement  and  details  of  the  arch  span,  as  well  as  of  the  end 
spans  and  approaches,  are  shown  in  Figs.  3,  4,  5,  6,  7,  8  and  9,  and 
need  no  further  explanation  here. 

Erection. — The  erection  was  an  interesting  feature  of  this  work. 
One  of  the  main  objects  in  view  was  to  maintain  traffic,  and  this 
was  very  fully  accomplished.  Not  a  single  train  was  delayed, 
and  traffic  on  the  highway  floor  was  suspended  only  for  about  two 
hours  each  day  while  the  upper  floor  system  was  being  put  in,  the 
time  of  day  selected  being  that  when  there  were  the  fewest  trains. 
The  lower  floor  was  closed  because  of  the  danger  to  peoi^le  passing 
below  during  the  necessarily  hurried  operations  of  tearing  out  the 
old  and  putting  in  the  new  upper  floor. 

The  deflection  of  the  old  bridge  under  moving  load,  the  constant 
passing  of  trains,  and  the  scant  clearances  at  many  points  were  con- 
siderations demanding  close  and  constant  attention;  but  as  each 
anticipated  difficulty  was  reached,  it  usually  lost  much  of  its  for- 
midable aspect.     Besides,  there  was  the  comforting  assurance   that 
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what  had  been  accomplished  with  the  old  bridge  under  considerably 
less  favorable  circumstances  ought  to  be  accomplished  again. 

Briefly,  the  principle  of  erection  Avas  to  biiild  out  the  two  halves  of 
the  arch  as  cantilevers  anchored  to  the  solid  rock  on  toj)  of  the  bluff, 
by  means  of  adjustable  anchor  chains  connecting  with  the  arch  at  the 
top  of  the  end  i^ost.  The  anchor  chains  consisted  of  the  top  chords 
of  the  end  spans,  such  of  the  eye-bars  of  the  end  spans  as  were  adapt- 
able to  the  purpose,  and  such  additional  eye-bars  and  slabs  as  were 
necessary  to  complete  the  connections.  The  slabs  were  used  as  a 
matter  of  economy  to  serve  as  short  eye-bars.  The  anchor  chain  was 
brought  from  vertical  to  horizontal  by  means  of  the  "spider"  shown 
in  Fig.  10,  Avhich  also  shows  the  principal  details  of  the  anchor  and 
the  adjusting  toggle.  This  is  also  shown  in  Fig.  1,  on  Plate  IX. 
The  anchor  pits  were  cut  into  the  solid  rock,  back  near  the  anchor 
walls  of  the  old  bridge.  They  are  shafts  3  ft.  x  6  ft.  in  section,  and 
19}  ft.  deejj.  Chambers  were  excavated  at  the  bottom  of  sufficient 
size  to  admit  the  anchors.  These  anchor  pits  had  to  be  excavated  with 
great  care,  to  avoid  shattering  the  surrounding  rock,  and  the  work  was 
done  by  hired  labor.  Border  holes  were  drilled  as  closely  together  as 
possible,  to  the  full  depth  of  the  shaft,  and  the  coi'e  was  then  blasted 
out  with  light  charges  of  dynamite. 

After  the  anchors  and  the  first  two  sections  of  the  anchorage  chain 
were  placed,  the  anchor  pits  were  filled  with  concrete  to  the  toji  of 
the  rock.  Although  no  provision  was  made  to  allow  the  eye-bars 
bedded  in  the  concrete  to  stretch  without  interference  with  the  con- 
crete, no  cracks  appeared  on  its  surface  until  six  panels  of  the  arch 
had  been  completed.  Then  some  very  slight  cracks  were  observed 
at  the  corners  of  the  outside  bars,  but  these  showed  no  increase  as  the 
work  continued  to  the  center. 

Adjusting  Toggle.— The  principle  of  the  adjusting  toggle  is  not 
new,  but  its  adaptation  to  this  case  was  very  efl'ective.  Its  operation 
is  apparent  from  the  figure.  The  right  and  left  screw  was  turned  by 
hand  with  capstan  bars.  Some  doubt  was  felt  as  to  its  ability  to 
lift  as  well  as  to  lower  the  load  coming  on  it  from  the  weight  of  the 
half  spans.  But  this  was  done  without  difficulty,  nineteen  men  work- 
ing each  screw. 

Erecting  Plant.  ^rVrider  the  i^lan  of  erection  originally  contemplated, 
material  was  to  be  conveyed  and  placed  by  means  of  cable-ways  sup- 
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ported  on  the  towers  of  the  old  bridge.  This  method  was  used  with  very- 
satisfactory  results  by  Mr.  Buck  in  the  erection  of  the  first  Verrugas 
Viaduct,  in  Peru,  but  owing  to  the  large  cost  of  a  plant  suitable  for  hand- 
ling heavy  and  unwieldy  jjieces,  and  their  limited  experience  in  using  it 
for  such  purposes,  it  was  proposed  by  the  contractors  to  use  travelers 
resting  on  the  tojj  chords  of  the  arch,  and  the  change  was  sanctioned 
by  the  Chief  Engineer.  The  anchorages  were  strengthened  to  accom- 
modate the  additional  weight.  This  erecting  plant  proved  very  safe 
and  efficient.  The  two  sides  were  entirely  independent  of  each  other, 
furnishing  two  points  of  progress,  and  when  there  was  no  outside 
cause  of  delay,  the  erection  proceeded  rapidly.  There  Avere  two 
engines  to  each  traveler,  placed  in  the  towers  of  the  old  bridge  at 
the  level  of  the  railway  floor,  this  being  a  good  point  of  observation, 
and  well  out  of  the  way. 

Travelers. — The  metal  travelers  required  considerable  special  treat- 
ment^ to  clear  the  cables,  and  furnish  the  necessary  clearance  for 
trains.  They  are  shown  on  Plates  VII,  VIII  and  X.  The  heaviest 
piece  handled  on  this  work  weighed  32  tons,  but  the  capacity  of 
the  travelers  was  considerably  greater.  For  handling  the  rib  mem- 
bers, special  clamjjs  were  used  to  make  them  lie  at  the  angle  of  the 
batter. 

Progress  of  Work. — The  false-work  for  the  end  spans  was  first 
erected,  and  the  travelers  raised  on  the  outer  bents,  in  which  position 
they  handled  the  skewback  castings  and  first  panels  of  the  arch. 
The  first  sections  of  the  rib  rested  on  light  false-work  until  the  end 
posts  and  the  braces  in  the  first  panel  were  placed.  This  much  of 
the  first  panel  was  then  lifted  and  held  clear  of  the  false-work,  by 
ordinary  tackle  attached  to  the  tops  of  the  end  posts.  The  false-work 
is  shown  in  Fig.  1,  Plate  VU. 

"When  the  first  toj)  chord  sections  and  the  second  pair  of  i^osts 
were  placed,  the  pins  were  driven  at  the  top  of  the  end  posts  con- 
necting with  the  anchorages.  The  end  posts  were  then  given  the 
right  inclination  by  means  of  the  adjusting  toggle.  The  traveler  was 
then  moved  forward  on  the  first  panel  of  the  arch,  and  in  this  position 
was  ready  for  the  erection  of  the  second  jjanel. 

The  material  was  conveyed  to  the  travelers  by  means  of  trucks 
running  on  tracks  on  each  side  of  the  bridge.  These  tracks  rested  on 
the  false-work  as  far  out  as  the  end  posts  of  the  arch  span,  and  from 
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there  to  the  center  on  the  sidewalk  brackets.  The  track  stringers  for 
the  railway  floor  were  used  to  carry  these  temporary  tracks,  being- 
placed  at  their  proper  panels,  ready  for  raising  to  flnal  position  when 
the  railway  floor  should  be  put  in. 

The  erection  proceeded  in  this  manner  to  the  center.  The  lower 
floor  system  was  put  in,  along  with  the  trusses  and  lateral  bracing. 
It  was  di'opped  below  its  normal  position  sufiiciently  to  avoid  the 
possibility  of  the  weight  of  the  old  bridge  coming  on  it,  when 
deflected  under  passing  trains,  and  thereby  jjutting  undue  stress  on 
the  anchorages. 

The  closure  at  the  middle  was  anticipated  with  considerable  in- 
terest and  some  anxiety.  The  absence  of  the  center  hinge  rendered 
great  accuracy  in  laying  out  the  work  necessary,  in  order  to  secure 
proper  closure  and  distribution  of  load  between  the  top  chord  and 
the  rib. 

As  a  safety  provision,  the  center  panel  top  chord  sections  were  not 
planed  to  length  until  six  panels  of  the  arch  had  been  completed  on 
each  side,  and  a  check  measurement  had  been  taken  across  the  inter- 
vening space  of  about  134.5  ft.  This  measurement  was  not  very 
satisfactory  on  account  of  the  difficulties  in  the  way  of  securing 
accurate  results.  The  half  spans  were  leaning  back  from  their  normal 
positions,  their  set  and  deflection  could  not  be  accurately  accounted 
for,  and  the  weather  conditions  were  generally  unfavorable.  How- 
ever, it  was  decided,  after  taking  the  measurement,  to  jilane  the 
center  chord  sections  to  theoretical  length.  When  the  center  panels 
were  erected,  there  remained  an  opening  at  the  center  of  8  ins.  due  to 
the  two  halves  of  the  arch  being  drawn  back,  to  secure  the  necessary 
clearance  for  placing  these  panels. 

When  all  was  ready,  the  adjusting  toggles  were  slackened  away 
together.  In  the  proper  order  of  events  the  toj)  chords  should  have 
met  first,  and  then,  as  those  passed  from  tension  to  compression,  the 
ribs  should  have  met.  But  the  reverse  was  the  case,  the  ribs  met 
first,  and  when  the  anchorages  were  entirely  slackened  off,  there  was 
an  opening  at  the  center  of  the  top  chord  of  i  in.  This  indicated 
no  compression  in  the  top  chords  at  the  center,  whereas  there  should 
have  been  about  350  tons.  The  cause  or  causes  of  the  failure  to  close, 
were  not,  at  the  time,  very  obvipus,  but  it  was  decided  that  the  ad- 
justment could  be  duly  effected  after  casting  off  the  anchorages.     The 
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anchorages  were  cast  off  and  taken  apart.  None  of  the  joints  were 
riveted  up  at  this  time,  but  almost  all  holes  were  filled  with  drift 
pins  and  bolts.  Certain  of  the  rib  joints  were  open,  the  bearing  faces 
being  held  apart  by  the  drifts  and  bolts.  When  these  were  removed, 
so  as  to  allow  the  bearing  faces  to  come  together,  the  opening  in  the 
top  chord  at  the  center  was  reduced  to  ^  in. 

It  then  became  necessary,  in  order  to  secure  the  required  compres- 
sion in  the  top  chord,  to  force  it  apart  at  the  center  and  insert  a 
shim.  This  was  done  by  means  of  a  compression  toggle,  shown 
roughly  in  Fig.  11.  This  toggle  was  improvised  largely  from  ma- 
terial on  the  ground.  The 
chords  were  forced  apart  until 
the  opening  was  1  in.  wide, 
and  a  shim  conforming  to  the 
section  of  the  chord  and  of 
this  thickness  was  inserted. 

Both  before  and  after  the 
top  chords  were  forced  apart 
at  the  center,  levels  were 
carefully  taken  at  each  panel 
point  for  the  purpose  of  ob- 
taining the  exact  camber.  The 
results  indicated  a  slight  eleva- 
tion of  the  camber  over  the 
whole  span  after  the  adjust- 
ment, and  in  a  closer  conform- 
ity to  the  theoretical  camber. 

After  the  adjustment  was  effected,  and  the  end  spans  completed, 
the  lower  floor  system  was  raised  to  its  final  i)osition.  Timbers  were 
laid  crosswise  on  top  of  the  roadway  stringers,  and  when  all  was 
ready  the  stiflfening  trixss  was  blocked  up  for  its  whole  length  on  the 
new  work.  This  was  done  between  trains.  The  suspenders  were 
then  detached  from  the  cables,  and  the  cables  were  taken  down. 
The  wrapping  was  cut  from  the  cables  with  axes,  and  the  strands  were 
cut  at  the  shoes  and  lowered  down,  one  at  a  time,  on  the  bridge,  where 
they  were  cut  up  for  scrap. 

After  the  removal  of  the  cables,  the  upper  floor  was  put  in.  In 
order  to  do  this  the  upper  floor  and  top  chords  of  the  old  bridge  had 
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full  lines  represent  the  line  of  camber  of  the 
unloaded  structure. 

dotted  lines  represent  deflected  line  of  camber, 
the  lines  of  curve  represent  the  means  of  the  ob- 
servations on  the  two  trusses. these  were  so  close 
that  the  differences  were  not  within  the  range  of 
accuracy  of  observation  or  plotting. 
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Diagonals  in  tension  I  ^  J,  ^g^j^gg  "    - 

Eighty  per  cent,  of  reverse  stresses  added  to  L.  L.  stresses  In  obtaining  sections.    Tempera 
ture  stresses  are  treated  as  dead-load  stresses.    Iron  sway  rods,  15  000  lbs.  per  square  inch. 
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to  be  removed.  In  order  not  to  stop  traflSc  this  had  to  be  done  be- 
tween trains,  two  panels  at  a  time.  The  top  chords  and  track 
stringers  of  the  stiffening  truss  were  cut  into  sections,  conforming  as 
closely  as  possible  to  the  panel  lengths  of  the  new  bridge,  and  the 
panels  of  the  new  bridge  were  put  in  as  the  sections  of  the  old  bridge 
were  taken  out. 

Operations  began  at  the  middle,  and  after  the  first  day,  when  only 
one  panel  was  placed,  two  panels  a  day  were  put  in  until  all  were  in 
place.  The  time  allowed  for  this  work  was  about  two  hours  each  day, 
and  the  work  was  always  done  within  the  time  limit.  The  same  track 
alignment  was  preserved,  and  the  same  rails  and  ties  were  used  tem- 
porarily after  the  new  floor  beams  and  stringers  were  in  place.  When 
this  work  was  completed  as  far  back  as  the  shore  ends  of  the  end 
spans,  the  towers  were  taken  down,  a  high  gin  pole  being  used  to 
remove  the  caps  and  upper  sections,  and  the  traveler  to  remove  the 
lower  sections. 

LIVE  LOAD 
DIAGRAM  OF  LOAD  ON  EACH  TRACK 


(b(bcb/Yb  (J) 


51^57^  *"58^  ^68^  <'58^  '18' 


3500  Lbs.  per  lin.  ft. 


'^  o  oo-o  oooo  o  o  ooooooo 

Fig.  13. 

After  the  removal  of  the  towers,  the  new  plate-girder  approach 
spans  were  substituted  for  the  old  ones.  The  maintenance  of  traffic 
here,  while  shifting,  was  more  difficult  than  on  the  main  and  end 
spans,  on  account  of  the  switches  to  be  taken  care  of;  but  the  change 
was  accomplished  without  mishap.  Plates  VII  to  XI  show  various 
views  of  the  bridge  during  construction. 

Tesf. — On  account  of  the  difficulty  of  securing  the  full  load  of 
10  000  lbs.  per  running  foot,  it  was  decided  to  make  up  two  test  trains 
as  heavy  as  were  available,  and  to  observe  the  deflections  under  this 
loading.  Each  train  consisted  of  two  heavy  Lehigh  pushers,  four  of 
the  heaviest  Grand  Trunk  locomotives  at  hand  and  nine  coal  cars. 
The  cars  were  of  30  tons  capacity,  loaded  with  coal,  and  had  as  many 
rails  piled  on  top  as  was  deemed  safe  for  the  cars.  The  loading  is  given 
in  detail  in  Fig.  13.  As  indicated,  some  load  was  put  on  the  lower 
floor,  chiefly  on  the  end  sjjans. 
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Tlie  deflections  under  tlie  test  load  are  shown  in  Fig.  12. 

The  apparent  slight  irregularities  in  deflection  are  probably  due 
more  to  inaccuracies  of  observation  on  account  of  the  humid  atmos- 
phere and  consequent  refraction,  than  to  any  real  irregularity  of 
settlement  of  the  structure  under  the  load.  The  arch  assumed  exactly 
the  same  camber  after  the  removal  of  the  load  as  it  had  before  the 
load  was  put  on. 

Ground  was  broken  for  the  foundations  of  the  arch  span  April  9th, 
1896,  and  these  were  completed  September  28th,  1896.  The  contract 
for  the  superstructure  was  let  June  15th,  1896.  The  work  of  erection 
began  September  17th,  1896,  and  the  bridge  was  ready  to  test  and  was 
tested  Jvdj  29th,  1897.  All  work  on  the  bridge  was  completed  August 
27th,  1897. 

In  conclusion  it  should  be  stated  that  much  credit  is  due  to  the 
Pennsylvania  Steel  Company,  contractor  for  the  superstructure,  for 
care  and  efiiciency  in  the  prosecution  of  the  work. 
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DISCQSSION. 


J.  M.  Knap,  M.  Am.  Soc.  C.  E. — The  speaker  can  urge  but  one  ob-  Mr.  Knap, 
jection  to  the  paper.     A  good  many  years  ago  he  had  the  honor  of 
preparing  a  thesis  on  Roebling's  Bridge,  and  predicted  that  it  would 
stand  fifty  years,  and  he  thinks  that  it  would  have  done  so  had  it  not 
become  necessary  to  replace  it. 

J.  W.  ScHAUB,  M.  Am.  Soc.  C.  E. — The  arch,  by  the  use  of  curved  Jir.  Schaub. 
instead  of  straight  lines,  at  all  times  appeals  to  the  eye  throiigh  its 
beauty,  and  so  does  the  Niagara  Arch  appeal  to  the  eye,  jDrovided  the 
eye  is  fortunate  enough  to  get  a  proper  view  of  it.  The  upper  arch- 
bridge  now  being  built  is  more  fortunate  in  this  respect,  as,  next  to  the 
falls  themselves,  it  is  now  the  most  striking  feature  at  Niagara  Falls. 

In  erecting  an  arch  on  the  cantilever  principle,  without  a  hinge  at 
the  center  joint,  so  many  diflSculties  of  vital  imj^ortance  to  the  integ- 
rity of  the  structure  present  themselves  that  the  writer  is  surprised 
that  such  methods  should  be  used.  In  addition  to  the  internal 
stresses  produced  in  the  arch  by  changes  of  temperature  and  any  jaos- 
sible  yielding  of  the  abutments,  there  is  the  uncertainty  of  closing  up 
the  bridge  at  the  center,  so  as  to  produce  in  the  arch  the  same  condi- 
tions for  the  dead  load  as  are  assumed  in  the  calculations. 

If  the  upper  chords  of  the  Niagara  Arch  had  met  first,  it  might 
have  been  possible  to  close  up  the  lower  ribs  without  the  use  of  shims, 
but  this  has  not  been  demonstrated.  The  facts  are  that  the  Niagara 
Arch  first  closed  at  the  lower  joint,  and  the  other  joint  had  to  be  closed 
by  means  of  shims;  and  it  is  a  curious  fact  that  the  same  thing  hap- 
pened over  twenty-five  years  ago  during  the  erection  of  the  arch- 
bridge,  commonly  known  as  the  Eads  Bridge,  at  St.  Louis.  There, 
after  repeated  trials  and  failures  to  properly  close  the  upper  rib,  the 
lower  rib  having  closed  first,  the  junction  was  finally  made  by  means 
of  an  adjustable  member,  or  practically  by  the  use  of  a  shim,  just  as 
was  done  at  Niagara.  It  should  be  explained  that  the  St.  Louis  Arch 
was  a  true  arch,  being  composed  of  two  parallel,  curved  ribs,  braced, 
and  was  hingeless,  with  fixed  ends.  In  both  cases  the  dead-load 
stresses  are  vitiated  to  an  unknown  extent.  In  the  case  of  the  Niagara 
Arch  the  stress  diagram  calls  for  a  dead-load  stress  at  the  center  toj) 
joint  of  864  800  lbs.  for  each  truss.  The  actual  dead-load  stress  now 
existing  in  the  bridge  is  practically  nothing,  compared  with  the  above. 
It  is  actually  what  was  put  there  by  screwing  up  four  bolts  on  a  toggle 
joint,  and  nothing  more.  In  the  St.  Louis  Arch  the  case  was  not  so 
bad,  for  at  the  time  of  closing  up  the  arch  the  entire  superstructure 
which  rests  on  the  parallel  ribs  was  not  in  place.  At  St.  Louis  the 
lever  arm  used  in  screwing  up  the  first  closing  tube  broke,  dropping 
one  or  two  men  into  the  river.     The  remaining  tubes  were  not  screwed 
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Mr.  Schaiib.  lap  so  tight,  and  they  let  it  go  at  that.  In  attempting  to  close  up  the 
arch  one  of  the  members  in  the  bridge  was  actually  ruptured,  so  that 
it  had  to  be  replaced.  This  will  give  some  idea  of  the  uncertainty  in- 
volved in  erecting  a  true  arch  on  the  cantilever  principle,*  In  the 
Niagara  Arch  the  entire  dead  load  was  on  the  bridge,  and  yet  the  top 
joint  failed  to  close.  In  both  cases  all  this  uncertainty  could  have 
been  avoided  by  the  use  of  a  center  hinge,  if  properly  used.  The  speaker 
does  not  recommend  a  center  hinge  for  an  arch  similar  to  that  used  at 
St.  Louis. 

It  is  argued  that  a  center  hinge  destroys  the  stiffness  of  the  arch, 
and  so  it  does.  The  difficulty  is  that  the  lack  of  stiffness  of  the  center- 
hinged  arch  is  not  so  much  due  to  the  hinge  as  to  the  fact  that  the 
lower  chords,  or  ribs,  are  not  straight.  The  greater  the  versed  sine  of 
this  curvature,  the  greater  will  be  the  moment  producing  the  defor- 
mation of  the  unloaded  arm;  or,  in  other  words,  if  only  one  arm  is 
loaded  the  other  arm  will  have  an  amplitude  of  vibration  directly  pro- 
portional to  the  curvature  of  the  lower  rib.  Hence,  it  follows,  that  if 
this  curvature  is  made  zero  the  amplitude  of  vibration  in  the  unloaded 


HINGES  AT  A-A-A 


Fig.  14. 

arm  will  be  zero.  This  means  that  if  the  lower  rib  is  made  a  straight 
line  between  hinges  the  deformation  of  the  unloaded  arm  will  be  a 
minimum,  and  no  reversal  of  stresses  will  take  place. 

It  is  even  i^ossible  to  design  an  arch  so  that  no  reversal  of  stresses 
will  take  place  in  either  upper  or  lower  ribs ;  then  the  only  reversal 
of  stresses  would  occur  in  the  web  members,  and  here  they  cannot  be 
eliminated  unless  adjustable  counter-rods  are  used.  This  would  give 
the  ideal  arch,  as  far  as  stiffness  is  concerned,  and,  at  the  same  time, 
eliminate  all  uncertainty  due  to  the  yielding  of  the  abutments  and  to 
temperature.  Above  all  things,  the  stresses  would  be  clearly  defined 
by  statical  methods,  and.  after  the  arch  was  closed  at  the  center,  there 
would  be  no  qviestion  as  to  the  final  dead-load  stresses. 

The  speaker  begs  to  submit  herewith  a  sketch.  Fig.  14,  showing 

an  arch  with  a  hinge  at  the  center,  and  with  the  lower  ribs  composed 

of  straight  lines.     This  form  of  arch  the  speaker  has  had  occasion  to 

comiDute,  and  finds  it  a  much  more  economical  design  than  the  arch 

*  "  St.  Louis  Bridge,"  by  Prof.  0.  M.  Woodward,  p.  190. 
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with  the  lower  rib  curved.     This  follows  from  inspection.     The  loads  Mr.  Schaub. 
travel  to  their  corresponding  reactions  by  the  shortest  routes,  and,  by 
the  theory  of  least  work,  this  must  give  the  stiffest  and,  at  the  same 
time,  the  most  economical  structure. 

GusTAV  LiNDENTHAii,  M.  Am.  Soc.  C.  E. — The  author  states  that  Mr.Lindenthal. 
when  the  cables  of  the  old  suspension  bridge  were  taken  down  the 
wires  curled  up,  showing  that  they  had  not  lost  the  original  set 
received  from  the  wii'e  drum.  The  same  fact  was  observed  by  the 
speaker  when  he  rebuilt  the  old  Roebling  suspension  bridge  over  the 
Monongahela  River,  at  Pittsburg,  Pa.,  which  fact  he  recorded  at  the 
time.  *  In  the  Monongahela  Bridge  the  wires  had  been  strained 
almost  daily  to  half  their  breaking  strength.  It  would  be  interesting 
to  learn  from  the  author  what  the  greatest  strain  had  been  in  the 
wires  of  the  Niagara  Bridge,  and  how  frequently  it  occurred. 

That  the  natural  rock  abutments  of  the  Niagara  Caiaon  make  the 
arch  the  proper  type  for  bridging  it  was  long  self-evident. 

The  pains  taken  in  this  case  to  make  the  bridge  very  rigid  deserve 
special  notice,  since  this  most  desirable  quality,  great  rigidity,  is  too 
often  neglected  from  notions  of  false  economy.  In  this  respect  a 
comparison  with  the  widely-known  cantilever  structure  of  about  the 
same  span,  and  only  a  few  hundred  feet  above  the  arch  bridge,  will 
not  be  amiss.     The  test  load  for  the  arch  bridge  is  given  at  about  > 

6  500  lbs.  per  lineal  foot  of  bridge,  while  that  for  the  cantilever 
bridge  was  about  4  500  lbs.  f  Yet  the  cantilever  bridge  deflected  7f 
ins.,  as  against  xf  in.  in  the  arch  bridge.  On  this  basis  the  arch 
bridge  is  theoretically  thirteen  times  more  rigid  than  the  cantilever 
bridge.  The  meaning  of  this  is  that  the  arch  bridge  will  be  much 
more  durable. 

Several  features  contribute  to  its  great  vertical  and  lateral  rigidity. 
First  of  all  is  the  inclination  of  the  arches  from  the  vertical,  which 
greatly  lessens  the  disagreeable  lateral  swaying,  so  noticeable  in 
bridges  in  which  the  arches  are  not  inclined.  Thus,  nearest  in  length 
of  span,  and  likewise  of  high  rise,  is  the  Washington  Bridge,  in  New 
York,  having  six  solid-webbed  ribs  and  two  spans  of  510  ft.  each.  It 
is,  next  to  the  Niagara  Bridge,  the  heaviest  arch  bridge  in  existence  ; 
proportioned,  namely,  for  8  000  lbs.  live  load  per  lineal  foot  as  against 
10  000  in  the  Niagara  Bridge.  Although  the  Washington  Bridge  is 
much  wider  (80  ft.)  than  the  Niagara  (about  55  ft.),  yet  the  former  is 
subject  to  such  considerable  lateral  vibration  as  to  have  caused  public 
comment  on  its  siipi^osed  weakness,  for  which,  of  course,  there  is  no 
foundation. 

Another  instance  is  the  Margarethen  Bridge  in  Budapest,  which  is 
a  heavy  structure  of  several  spans,  carrying  a  wide  avenue  over  the 

*  T^-ansactions,  Am.  Soc.  C.  E.,  Vol.  xii,  p.  353. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  xlv,  pp.  534-542. 
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Mr.Lindenthal.  Danube.  Like  the  Niagara  Bridge,  it  is  of  the  spandrel -braced  tyjje, 
without  the  center  hinge,  and  has  a  buckle-plate  floor  and  a  stone 
pavement.  The  vibration  is  very  marked,  although  not  so  percep- 
tible as  in  another  large  arch  bridge  —the  well-known  St.  Louis 
Bridge.  All  iron  or  steel  arch  bridges,  having  the  arches  in  vertical 
l^lanes,  show  the  same  peculiarity  of  lateral  vibration. 

On  the  other  hand,  arches  with  inclined  planes,  such  as  the  Douro 
Bridge  in  Portugal,  the  fine  bridge  over  the  Adda,  at  Paderno,  in 
Italy  ;  the  Gruenenthal  Bridge  over  the  Baltic  Canal,  and  others  like 
them,  show  most  remarkable  lateral  stiffness.  The  bridges  referred 
to  have  no  middle  hinge. 

That  arches  without  a  middle  hinge  are  stiffer  than  those  having 
one  requires  no  argument.  It  is  true  that  the  calculation  of  the 
strains  in  the  arch  without  the  center  hinge  is  laborious,  particularly 
so  for  the  spandrel-braced  type  ;  but  the  labor  is  well  spent  for  the 
advantage  of  a  more  rigid  structure. 

The  use  of  riveted  connections  in  the  Niagara  Bridge  is  a  remark- 
able deviation  from  American  practice  ;  but  that  it  was  a  proper 
choice  cannot  be  questioned,  and  it  is  the  more  creditable  to  the  engi- 
neer as  the  temjotation  to  use  pin  connections,  for  gi-eater  ease  of  erec- 
tion, was  one  not  easily  ignored.  Increasing  experience  shows  that 
pin  connections  should  be  used  in  bridges  only  for  members  subject 
to  single  stresses,  either  in  tension  or  compression.  Since  in  this 
bridge  almost  all  members  are  subject  to  reversal  of  stress,  riveted 
connections  were  the  best. 

The  roller  bearings  under  the  arch  footings  is  the  one  feature 
which  the  speaker  could  not  apjirove  ;  it  will  hardly  find  imitators. 
The  author  states  that  the  roller  bearings  under  the  cables  of  the  old 
suspension  bridge  were  corroded  and  had  become  inoperative.  The 
same  thing  will  hapjjen  with  the  roller  bearings  of  the  arches  which, 
however,  will  do  no  harm  in  this  case,  as  the  rotation  of  the  arch  foot- 
ings from  any  cause  is  nearly  nil.  The  speaker  would  have  preferred 
pin  bearings  as  a  simi^ler  and  better  construction. 

The  author  would  add  greatly  to  the  value  of  his  description  of 
the  work  if  he  would  give,  in  the  closing  discussion,  a  synopsis  of  the 
calculations  and  the  assumptions  on  which  they  were  based.  Among 
these  are  the  moduli  of  elasticity  ;  the  panel  loads  for  dead  load  ; 
whether  the  top  chord  at  the  middle  temperature  is  assumed  to  be 
without  compression  in  the  middle  panels  ;  and  whether  the  calcu- 
lated deflection  (of  1  to  1-rg  ins.  for  10  000  lbs.  live  load  per  lineal  foot) 
was  obtained  by  taking  account  also  of  the  changes  of  length  in  the 
■web  members.  This  would  be  particularly  instructive,  because  the 
observed  deflection  (If  in.  for  6  500  lbs.  per  lineal  foot),  compared 
with  the  calculated  deflection,  would  then  furnish  a  valuable  index  as 
to  other  results  of  calculation. 
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In  a  case  like  the  present,  widely  different  cross-sections  for  the  Mr.Lindenthal. 
same  design  and  for  the  same  loads,  may  be  obtained  by  diflferent 
computers,  unless  they  are  agreed  on  the  premises  from  which  the 
comimtations  are  started. 

The  speaker  confesses  to  be  somewhat  i)uzzled  by  the  statement 
that  in  closing  the  arches  during  erection  there  should  have  been  a 
pressure  of  350  tons  in  each  top  chord.  The  author  does  not  state 
that  the  arches  were  closed  in  the  winter,  or  that  the  temperature  was 
exceptionally  low,  although  the  views  illustrating  the  paper  show 
snow  and  ice  on  the  ground.  Even  then  the  necessity  for  a  pressure 
of  350  tons  in  the  top  chord  is  not  clear,  without  a  fuller  explanation. 

M.  Lewinson,  M.  Am.  Soc.  C.  E. — It  would  seem  from  the  author's  Mr.  Lewinson. 
hinge  design  that  as  the  reaction  cannot  be  assumed  to  pass  through 
one  point,  the  result  will  be  a  rocking  arch  rather  than  a  hinged  arch. 
In  the  calculation  of  an  arch  like  that  at  Niagara  the  first  condition  is 
that  all  reaction  must  pass  through  one  point;  that  is,  through  the 
intersection  of  the  lower  chord  with  the  vertical  (or  sometimes  in- 
clined) member.  The  line  found  by  connecting  the  common  center  of 
gravity  of  the  upper  and  lower  chord  sections,  taken  at  various  laminae 
of  the  arch,  is  the  line  by  which  the  arch  should  be  calculated.  The 
author  does  not  state  how  he  calculated  it;  therefore,  assuming 
that  the  reaction  jiasses  through  the  pin,  as  designed,  uneven  stresses 
on  the  rockers  result.  It  is  a  question  whether  the  rockers  are 
strong  enough  to  withstand  the  strain.  That  the  author  has  not 
been  confident  of  his  calculation  of  this  problem  is  shown  by  the  fact 
that  he  also  calculated  the  arch  as  a  three-hinged  arch,  and  made 
corrections  accordingly  in  the  upper-chord  stresses,  which  is  not  at  all 
warranted.  In  a  three-hinged  arch,  if  it  is  advisable  to  jjut  more  com- 
pression in  the  iipper  chord,  it  is  necessary  only  to  locate  the  hinge  in 
this  chord.  Assuming  o  pr/or/  all  the  points  as  cori-ect,  there  is  no 
necessity  for  trying  to  fill  up  the  gaps  in  the  theory  of  an  arch  which 
is  entirely  unlike  an  elastic  arch.  A  three-hinged  arch  is  a  static 
arch,  and  that  under  discussion  is  an  elastic  arch.  The  stresses  in  an 
elastic  arch  are  determinable,  and  the  addition  of  material  at  the  in- 
flection points  of  such  an  arch  is  superfluous. 

F.  W.  Skinner,  M.  Am.  Soc.  C.  E — This  bridge  is  very  interesting  Mr.  Skinner, 
in  comparison  with  the  other  equally  large  and  important  bridges  of 
the  present  era,  as  embodying  in  itself  a  sort  of  epitome  of  the  ad- 
vance of  long-span  bridge  construction  from  the  first  instances  of  it  up 
to  the  present  design  for  heavy  railroad  work .  It  represents  four 
stages:  First,  there  was  the  simple  suspension  bridge,  without  any 
pretense  of  stiffening.  Next,  the  John  A.  Roebling  bridge  with  its 
stiffening  truss,  imperfectly  designed  and  more  imperfectly  con- 
structed. Third,  the  development  of  that  bridge  into  a  thoroughly 
stiffened  suspension   bridge,  and   last,   its  entire  replacement  by   a 
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Mr.  Skinner,  wholly  diflfereut  type  of  construction.  There  is  also  to  be  noted  the 
not  less  radical  and  striking  advance  in  materials  of  construction  and 
methods  of  work.  The  fact  that  owing  to  its  location  it  has  been 
visited  by  more  engineers  and  others  than  almost  any  other  bridge  on 
this  continent,  and  that  since  the  first  construction  of  the  Roebling 
bridge  the  developments  have  been  entirely  under  the  direction  of  one 
man  who  has  undertaken  some  of  the  most  difficult,  delicate  and  haz- 
ardous tasks,  materially  adds  to  its  interest. 

In  the  design  of  the  present  bridge  the  features  that  seem  most 
striking  are  the  excellent  arrangements  for  the  skewbacks,  the  elim- 
ination of  the  excessively  large  pins,  the  extension  of  the  bearing  sur- 
face at  skewback  joints  and  the  avoidance  of  friction,  and  the  portal 
bracing  in  the  cross-bents  in  the  upper  floor-beams.  These  are  most 
excellent  features  and  are  not  seen  often  enough  in  similar  work. 

Mr.  Lindenthal  adverted  to  the  riveted  connections,  and  it  may  be 
apposite  in  that  connection  to  refer  to  another  arch  bridge,  lately  built 
in  Shenley  Park,  Pittsburg — the  Panther  Hollow  Bridge.  This  bridge, 
which  is  of  large  span,  was  built  with  both  pin-connected  and  riveted 
joints,  was  assembled  on  falsework  and  the  primary  connections 
made  with  pins.  After  the  bridge  was  in  position,  the  center  panel 
connected  and  the  arches  swung,  so  that  the  pins  were  assumed  to 
carry  all  the  dead-load  strains  of  the  bridge,  riveted  gusset-plate  con- 
nections were  made  at  all  the  panel  points ;  the  intention  being  to  so 
proportion  and  drive  them  that  they  should  carry  only  live  loads. 

The  speaker  hopes  that  the  author,  in  closing  the  discussion,  will 
tell  how  many  men  were  required  to  operate  the  toggle  joint  for  lower- 
ing the  bridge,  how  many  were  required  for  raising  it,  and  about  what 
speed  was  obtained;  also  why  it  was  inadmissible,  if  it  was  inadmissi- 
ble, to  use  that  method  of  opening  the  top  chord  for  inserting  the  key 
—  why  it  was  not  used  instead  of  the  compression  toggle. 

It  would  also  be  interesting  if  he  could  add  some  data  regarding 
the  location  of  the  pier  centers;  the  measurement  of  the  gap  in  the 
bridge;  if  there  was  anything  in  particular  regarding  the  making  of 
the  core  for  the  casting  which  he  assixmes  may  have  had  something  to 
do  with  its  shrinking;  and  whether  it  was  a  baked  sand  core  or  not. 

As  the  completion  of  this  bridge  concludes  so  interesting  a  series 
of  constructions,  it  seems  proper  to  refer  to  some  of  the  more  im- 
jiortant  features  of  its  predecessors  on  the  site  of  this  structure.  It 
is  true  that  they  have  have  been  explained  briefly  in  two  papers  by  Mr. 
L.  L.  Buck,*  but  an  extremely  brief  reference  to  some  of  the  under- 
takings involved  in  the  reconstruction  will  go  well  with  this  descrip- 
tion of  the  erection  of  the  new  bridge.     In  the  first  place,  in  the  re- 

*  "  The  Re-enforcement  of  the  Anchorage  and  Renewal  of  Suspended  Superstructure 
of  Niagara  Railroad  Suspension  Bridge,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  x.  p.  195. 
"Replacing  the  Stone  Towers  of  the  Niagara  Railway  Suspension  Bridge  with  Iron 
Towers,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  xvii,  p.  204. 
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newal  of  the  wires  of  the  anchorage,  the  ends  of  the  cables,  where  Mr.  Skinner, 
they  unite  with  the  shoes  and  anchor  chains,  were  exposed  and  a 
large  number  of  the  outside  wires  were  cut  out  under  strain.  Small 
sections  were  removed,  the  ends  were  scarfed  and  slightly  notched, 
spliced  pieces  a  little  longer  than  the  gap  were  added,  and  the  wires 
were  put  under  strain.  The  strain  was  measured  by  deflecting  the 
uncut  wires  an  inch  or  an  inch  and  a  half,  and  using  this  as  a  test  for 
deflecting  other  wires  to  get  a  corresjionding  strain.  The  wires  were 
so  carefully  spliced  that  they  developed  almost  or  quite  the  maximum 
strength  of  the  original  wires.  The  old  anchorages  were  found  to  be 
somewhat  deficient,  both  in  the  sections  of  the  members  of  the  chains 
and  in  the  sizes  of  the  anchor  plates,  and  they  were  re-enforced  by 
the  building  of  an  additional  new  anchorage  for  each  end  of  each 
pair  of  cables.  The  new  anchorage  was  built  and  sets  of  chains 
were  attached  to  the  shoes  of  the  old  anchorages  at  their  connec- 
tion with  the  cables,  and  the  anchor  chains  were  adjusted.  They  were 
put  on  by  expanding  them  by  heat  until  they  were  of  a  sufficient  length, 
and  the  strains  were  measured  and  adjusted  by  an  ingenious  appli- 
cation of  the  i^rinciples  of  the  modulus  of  elasticity,  the  bars  hav- 
ing first  been  pulled  in  machines  and  the  extensions  for  given 
strains  noted.  Both  of  these  works,  involving  the  exposure  of  the 
most  critical  jjart  of  the  bridge,  were  carried  on  without  material 
interruption  to  traffic  and  without  in  any  way  impairing  the  integ- 
rity of  the  bridge.  Later  on,  in  1879-80,  Mr.  Buck  proceeded  to  a 
still  more  delicate  feat  in  the  renewal  of  the  suspended  superstruc- 
ture. In  this  case  the  old  suspended  superstructure  amounted  prac- 
tically to  a  stiffened  tube,  a  sort  of  combination  truss  with  wooden 
compression  members  and  iron  rods.  The  new  truss  was  designed 
on  lines  enabling  it  to  practically  fit  inside  of  the  old  one.  First  the 
lower  floor  beams  were  all  renewed.  The  bridge  was  then  stripped 
as  much  as  possible  of  unnecessary  weight.  Then  150  or  200-ft. 
lengths  of  the  new  lower  chord  were  i?ut  in.  Fortunately  the  old 
bridge  members  were  nearly  all  double,  so  that  half  of  them  could  be 
cut  out  without  entirely  destroying  the  efficiency  of  the  bridge,  and 
this  was  done  in  the  floor  beams,  and  later,  after  the  lower  chords  were 
placed,  in  setting  uj?  the  new  vertical  posts.  Then  the  upper  floor 
beams  were  placed,  the  new  tojj  chords  were  put  in  position,  and  half 
of  the  diagonal  members.  The  trusses  were  connected  up,  and  spliced 
at  the  ends  to  the  old  trusses.  The  intermediate  part  of  the  old 
trusses  was  removed,  and  the  process  was  repeated,  the  entire  old  sus- 
pended structure  being  thus  removed.  After  the  trusses,  the  new 
track  stringers  were  put  in.  After  that  the  bridge  was  screwed  up 
to  the  required  camber,  which,  if  the  speaker's  memory  serves  him 
right,  was  a  circular  arc  of  a  radius  of  about  5  000  ft.  Then  the 
strains  in  the  six  hundred  and  thirtv-six  suspenders  were  all  weighed. 
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Mr.  Skinner,  each  of  them  carrying  about  3  200  lbs.  A  hydraulic  dynamometer  was 
placed  on  each  one  and  the  strain  carefully  adjusted  to  correspond 
with  the  varying  adjustments  of  the  adjacent  ones,  and  it  was  found 
that  the  suspensions  in  the  suspender  rods  could  be  estimated  by  the 
touch  within  the  limits  of  the  dynamometer  readings  (25  lbs.). 

The  work  of  the  replacement  of  the  new  truss  was  carried  on  under 
many  disadvantages.  It  was  difficult  to  j)lace  the  top  floor-beams,  on 
account  of  the  cramped  jjosition  and  the  interference  with  the  other 
work,  and  particularly  difficult  to  place  the  lower  lateral  rods.  In 
order  to  do  it  the  workmen  had  to  sit  on  the  top  flanges  of  the  8-in. 
lower  floor-beams,  working  under  the  floors  with  very  small  headroom. 
There  were  only  two  men  on  the  job  who  were  willing  to  do  this  work, 
and  one  of  those  being  discharged,  it  was  a  troublesome  matter  to  get 
all  the  lower  lateral  rods  in  place. 

The  conditions  of  building  the  bridge  were  far  different  from  those 
of  the  present  day.  The  structure  was  built  in  a  bridge  shop  lately 
converted  from  an  old  brewery,  but  with  some  special  tools,  and,  under 
expert  mechanical  guidance,  and  by  zealous  and  experienced  con- 
tractors, it  was  erected  without  any  steam  power  whatever.  The  work 
was  done  wholly  by  hand.  Notwithstanding  this,  there  was  no  hiatus 
in  the  work,  no  discrepancy,  no  trouble,  no  j^articular  delay,  and  not 
a  single  serious  accident. 

The  further  reconstruction  of  the  bridge  is  outlined  clearly  in  the 
paper,  but  following  it  from  the  beginning,  through  the  diff'erent 
changes  to  the  present  completed  structure,  with  its  extreme  rigidity, 
it  is  a  wonderful  piece  of  work,  and  is  a  tribute  to  the  courage,  watch- 
fulness, persistence  and  genius  of  its  author,  and  a  great  credit  to  the 
able  and  successful  execution  of  this  last  enterprise  by  his  resident 
engineer. 

From  the  first  repairs  of  the  anchorage,  20  years  ago,  no  part  of  the 
complex  and  unprecedented  work  was  undertaken  until  every  possible 
contingency  was  provided  for;  remedies  were  devised  in  advance,  not 
only  for  the  difficulties  that  did  arise,  but  that  might  possibly  have 
arisen  through  mischance  and  did  not,  and  well-placed  confidence  was 
inspired  in  all  who  were  associated  in  the  work. 

The  stifiening  trusses  of  1880  were  the  first,  or  among  the  very  first, 
large  bridge  trusses  in  which  riveted  structural  steel  was  used,  and 
the  character  of  the  work  throughout  the  whole  period  has  been  at 
once  conservative  and  advanced  practice. 
Mr.  L.L.  Buck.  L.  L.  BucK,  M.  Am.  Soc.  C.  E. — The  speaker's  work  at  Niagara 
began  21  years  ago.  Four  years  after  he  went  there,  there  was  talk 
of  another  bridge  just  above  the  railroad  suspension  bridge,  and  it  was 
proposed  to  put  in  a  cantilever.  It  always  seemed  as  though  that  was 
the  place  for  an  arch,  and  a  sjaandrel-braced  arch  was  the  one  that 
seemed  best  adapted  to  the  place,  because  it  was  the  most  convenient 
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to  erect  witlioxit  scaffolding  under  the  main  arch;  which  would,  of  Mr.  L.  L.  Buck, 
course,  be  impossible  in  a  place  with  a  20-mile  current  underneath  and 
from  75  to  140  or  150  ft.  dej)th  of  water.  So  the  speaker  designed  an 
arch  very  similar  to  that  which  has  now  taken  the  place  of  the  suspen- 
sion bridge,  but  did  not  get  a  chance  to  compete  on  the  design,  though 
some  parties  had  said  that  no  doubt  there  would  be  an  ojaportunity  to 
do  so,  but  that  they  would  not  build  the  bridge  for  sometime  to  come. 
The  "  some  time  to  come"  jjroved  to  be  just  about  a  week,  as  in  that 
time,  they  had  let  the  contract,  and  were  going  right  ahead.  An  ax-ch 
bridge  crossing  the  Genesee  river  at  Rochester,  designed  by  the 
speaker,  was  spandrel-braced  and  had  three  hinges,  but,  very  much  to 
the  speaker's  surprise,  when  the  bridge  was  empty,  with  the  exception 
of  a  double  team  of  large  horses,  which  kept  time  pretty  well  at  a  slow 
jog-trot,  the  bridge  would  teeter  near  the  quarters.  Mr.  Alden,  who 
did  the  work,  said  one  day,  "We  must  get  rid  of  that  teeter."  "  How 
much  do  you  suppose  it  is,  Alden?"  "  Well,"  said  he,  "  three-quarters 
of  an  inch. "  He  was  told  that  if  the  whole  range  of  the  movement 
was  ^  in.  it  was  as  much  as  the  speaker  exjiected.  A  level  and  rod  were 
procured,  and  the  rod  was  laid  on  the  sidewalk  so  that  it  had  an  in- 
clination, and  the  level  set  up  on  the  shore  so  that  a  sight  could  be 
taken  at  the  rod.  As  it  was  raised  up  and  down  it  would,  of  course, 
make  a  considerable  movement  transversely  on  the  horizontal  hair  of 
the  level,  and  in  this  way  would  indicate  pretty  fine  readings  of  the 
amount  of  the  up-and-down  movement  from  the  normal  position.  The 
movement  was  less  than  -ra  in. 

In  Brock's  Monument — a  stone  tower — during  a  high  wind,  there  is 
considerable  motion  which  feels  as  though  it  Avas  3  or  4  ins.,  though 
probably  it  is  not  nearly  as  great  an  amount  as  that. 

After  building  the  three-hinged  arch  the  speaker  decided  that  the 
center  hinge,  although  theoretically  giving  less  temperature  strain, 
was  in  many  respects  a  mistake,  as  the  reversals  in  the  diagonals  and 
in  the  top  chords  are  greater,  and  the  top  chords  give  no  assistance  in 
supporting  the  load,  their  only  office  being  to  stiffen  each  half  of  the 
rib.  The  speaker's  idea  in  this  design  was  that  if  the  stresses  in  a  two- 
hinged  arch  were  carefully  calculated  through  all  the  members  when 
the  dead  load  alone  was  on,  and  the  shortening  of  members  in  com- 
pression and  the  lengthening  of  members  in  tension  accurately  worked 
out,  and  the  increase  or  decrease  in  the  length  of  each  as  indicated  by 
these  calculations  made;  the  toj)  chords  being  in  tension  and  the  lower 
chords  in  comjiression  in  erection,  the  top  chords  would  naturally 
meet  first  when  the  bridge  came  together.  They  would  have  done  so, 
except  for  the  fact  that  the  connections  being  riveted,  and  the  sheets 
held  in  position  by  drift  pins  and  bolts,  each  gave  a  little  at  either 
end;  the  braces  being  in  tension  jjulled  slightly  out  of  position,  and 
the  total  movement  amounted  to  considerable  when  the  middle  of  the 
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Mr.  L.  L.  Buck,  span  was  reached,  while  the  posts  had  just  the  opposite  effect.  This, 
the  speaker  thought,  was  the  reason  the  top  chords  did  not  come 
together  without  a  shim  ;  but  the  shim  did  no  harm  at  all.  It  re- 
quired a  little  more  work,  but  by  turning  one  nut  the  toggle  was 
compressed  on  both  sides  and  with  a  given  pull  on  the  wrench,  and  a 
careful  estimate  of  friction,  the  required  pressure  could  be  very  closely 
obtained.  The  result  proved  the  work,  because  if  the  pressure  had 
not  been  right  in  the  top  chord  a  good  many  of  the  very  long  diagonals 
would  have  shown  more  or  less  tendency  to  spring  sideways.  This 
has  never  been  shown,  at  any  temperature,  and  it  is  safe  to  say  that 
the  work  is  practically  correct,  and  that,  there  being  no  pin  connec- 
tion, every  member  of  those  trusses  is  helising  to  sustain  the  load. 
"When  the  full  load  is  on,  the  diagonals  are  in  tension  and  the  top  and 
bottom  chords  in  compression. 

In  making  the  calculations  the  lower  chords  at  the  middle  point 
were  lighter  than  the  speaker  liked  to  have  them,  and  the  middle 
portion  of  the  top  chords  was  very  heavy;  consequently,  he  increased 
the  middle  portion  of  the  bottom  chord  by  one-half  of  the  difference 
between  the  three-hinged  and  the  two-hinged  arch,  for  which  he  is 
not  sorry. 

The  speaker  wishes  to  say  that  in  addition  to  the  valuable  assist- 
ance the  author  rendered  in  the  calculation  of  stresses,  he  has  filled 
the  position  of  resident  engineer  with  great  energy,  excellent  judg- 
ment and  strong  loyalty  to  his  chief,  and  has  contributed  greatly  to 
the  success  of  the  work. 
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correspondence:. 


Henky  Goldmaek,  M.  Am.  Soc.  C.  E. — There  is  so  much  that  is  in-  Mr.  Goldmaik. 
teresting   and  valuable   in  this   paper  that   the  writer  cannot   help 
regretting  its  comparative  brevity. 

Among  other  points,  a  more  detailed  statement  as  to  the  method 
used  in  determining  the  stresses  would  be  of  much  interest.  It  is  to 
be  hoped  that  the  author  may  give  some  further  information  on  this 
siibject  in  closing  the  discussion. 

While  all  arches  with  less  than  three  hinges  depend  on  the  theory 
of  elasticity,  as  well  as  on  statics  for  their  stress  determinations,  this 
particular  form  reduces  the  difficulty  of  computation  to  a  minimum. 
Furthermore,  a  single  system  of  bracing  is  used,  with  riveted  connec- 
tions at  all  points,  so  that  the  changes  in  the  lengths  of  the  separate 
members  are  purely  elastic,  with  no  play  due  to  pin  fittings. 

The  details  of  the  bearings  at  the  skewbacks  are  also  very  skill- 
fully designed  to  reduce  friction  as  much  as  possible,  so  that  the  usual 
assumption  of  frictionless  hinges  is  very  nearly  justified. 

Under  these  conditions,  the  only  indeterminate  quantity  involved 
is  the  magnitude  of  the  horizontal  thrust  H  at  the  abutments.  When 
this  is  known  the  stresses  in  all  the  members  can  be  very  easily  found 
by  simple  statical  methods. 

In  this  respect  the  design  compares  very  favorably  with  ribs  hav- 
ing solid  web-plates,  and  also  with  all  forms  of  arches  in  which  the 
bracing  is  arranged  in  multijile  systems.  In  all  of  these  the  theory  oi 
stresses  is  more  uncertain  and  the  arithmetical  computations  more 
complicated. 

The  best  method  of  solving  all  indeterminate  frames  is,  beyond 
doubt,  that  known  as  the  Method  of  Least  Work,  or  Virtual  Veloci- 
ties. This  method  is  mathematically  exact,  being  in  fact  merely  an 
extension  to  framework  of  the  well-known  mechanical  theory  of  Vir- 
tual Displacements. 

The  first  application  of  this  theory  to  engineering  structures  was 
made  by  Clerk-Maxwell  in  1865,*  but  it  has  subsequently  been  devel- 
oped almost  entirely  by  Continental  Avriters,  and  made  a  useful  instru- 
ment for  solving  all  the  more  complex  questions  involving  the  stresses 
and  deformations  of  structures.  Reference,  however,  should  be  made 
to  a  valuable  paper  by  G.  F.  Swain,  M.  Am.  Soc.  C.  E.,  which 
is  almost  the  only  contribution  to  the  Method  of  Least  Work  which 
the  author  has  met  with  in  the  English  language,  f 

In  calculating  a  two-hinged  spandrel  arch,  such  as  that  treated  of 
in  the  paper,  the  only  assumption  involved  in  determining  the  stresses 

*  Philosophical  Magazine,  1865. 

f  Journal  of  the  Franklin  Institute,  Feb.,  Mar.,  April,  1888. 
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Mr.  Goldmark.  due  to  external  loading  is  that  of  a  Constant  Modulus  of  Elasticity. 
For  modern  structural  steel  the  error  introduced  by  this  assumption 
ought  not  to  exceed  2  or  3  per  cent. 

The  effect  of  temperatiire  changes,  is,  of  course,  more  uncertain, 
as  their  variation  must  necessarily  be  somewhat  arbitrarily  assumed. 
There  is,  however,  no  difficulty  in  adopting  an  extreme  range,  which 
will  provide  for  all  possible  cases  that  can  occur  in  practice,  and  even 
under  this  assumption  the  economy  of  omitting  a  third  hinge  is  con- 
siderable. 

The  use  of  a  central  hinge  at  the  crown  of  the  arch  is  commonly  as- 
sumed as  obviating  the  necessity  of  taking  temperature  stresses  into 
accovint.  From  the  observations  he  has  been  able  to  make  of  a  number 
of  large  arches,  used  either  as  bridges  or  roofs,  the  writer  is  convinced 
that  this  assumption  is,  in  most  cases,  unwarranted.  In  every  arch 
he  has  yet  examined,  including  several  designed  by  himself,  the  fric- 
tion in  the  pin  bearings  was  clearly  sufficient  to  stop  all  rotation  and 
hence  to  overthrow  the  condition  of  frictionless  hinges,  on  which  the 
entire  theory  of  the  three-hinged  arch  is  based.  In  addition  to  the 
friction  in  the  usual  pin  connections,  the  necessary  floor  fastenings 
in  both  highway  and  railroad  bridges,  and  the  roof  covering  in  build- 
ings, are  usually  sufficient  to  prevent  all  motion. 

As  an  instance  of  this,  the  three-hinged  arches  in  several  of  the 
World's  Fair  Buildings  at  Chicago  may  be  mentioned,  in  which  the 
two  halves  of  the  arch  were  quite  rigidly  connected  by  iron  and 
wooden  purlins  and  lantern  girders.  As  these  were  entirely  contin- 
uous across  the  central  hinge,  all  rotation  was  effectually  prevented. 
Mr.  Moncrieff.  J.  M.  MoNCKiEFF,  M.  Am.  Soc.  C.  E.— It  would  add  still  further  to 
the  usefulness  of  an  already  valuable  paper  if  some  details  could  be 
given  of  the  weights  of  steel  in  the  various  parts  forming  the  main 
sjjan,  such  as: 

The  combined  weight  per  lineal  foot  of  the  arch  frames  (ribs,  top- 
chords  and  web-bracing). 

The  weight  per  lineal  foot  of  span  of  the  lateral  and  sway-bracing. 

The  weight  per  lineal  foot  of  the  steel  floor  systems. 

The  weight  per  lineal  foot  of  the  remaining  permanent  load  of  tim- 
ber, permanent  way,  etc.,  etc. 

These  details,  together  with  a  short  statement  of  the  allowed  unit 
stresses,  would  enable  one  to  make  a  comparison  with  other  types,  as 
to  the  economy  of  the  structui'e  in  carrying  the  usual  running  load  of 
10  000  lbs.  per  lineal  foot. 

The  writer  notes  also  that  no  reference  is  made  to  wind  pressure, 
either  as  to  its  amount,  or  influence  on  the  structure. 

With  regard  to  the  erection,  the  insertion  of  the  shim  in  the  top 
chords,  by  forcing  the  latter  aj^art  by  means  of  the  compression  toggle 
shown  in  Fig.  11,  ajjpears  to  the  writer  to  give  no  guarantee  that  the 
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required  compression  of  350  tons  was  either  reached  or  not  greatly  Mr.  Moncrieff. 

exceeded,  and  as  the  permanent  sti-esses  in  the  various  members  de- 

jjend,  to  some  extent,  on  the  stress  in  the  top  chords,  there  is,  evidently, 

some  uncertainty  as  to  their  actual  value  in  the  finished  structure, 

over  and  above  the  uncertainties  due  to  the  assumptions  usually  made 

in  the  stress  calculations  for  sxich  structures  as  well  as  to  conditions  of 

erection,  temperature,  etc.      That  this  uncertainty  was  present  in  the 

mind  of  the  designer  of  the  Niagara  Arch  is  evidenced  by  the  sections 

of  the  ribs  having  been  increased  to  be  a  mean  between  those  required 

for  a  two-hinged  arch  and  a  three-hinged  arch. 

It  is  to  be  noted  that  the  required  compression  of  350  tons  forms 
an  appreciable  amount  in  relation  to  the  total  stress  on  the  top  chords, 
as  given  on  the  stress  sheet  accompanying  the  paper,  assuming  that 
the  350  tons  and  the  figures  on  the  stress  sheet  both  refer  to  stress  on 
two  arch  frames  together. 

With  regard  to  the  adjusting  toggles  in  the  anchor  chains  used  for 
erection,  the  writer  devised  a  similar  means  of  adjustment  in  1896  for 
the  erection  of  the  new  Redheugh  Bridge  across  the  Tyne  (England), 
now  in  course  of  construction  from  his  designs. 

This  bridge  is  to  consist  of  two  spans  of  248  ft.,  two  spans  of  168 
ft.,  and  a  number  of  short  plate-girder  approach  spans.  The  larger 
spans  are  to  rest  on  three  braced  steel  piers  in  the  river  and  on  two 
masonry  piers,  one  on  either  river  bank,  and  the  erection,  at  a  clear 
height  averaging  87^  ft.  above  high-water  level,  is  to  be  carried  out 
without  staging  or  falsework  other  than  is  afforded  by  the  old  bridge 
which  is  being  replaced  by  the  new  sti-ucture.  The  old  bridge  is, 
however,  in  such  a  condition  that  no  jjart  of  the  new  structure  is  to  be 
allowed  to  rest  on  it  during  erection,  and  it  will  simjily  serve  as  a  plat- 
form for  conveying  the  material  to  the  point  of  erection. 

The  main  trusses  are  to  be  of  the  Petit  type,  and  the  heads  of  the 
inclined  end  posts  of  adjoining  sjjans  are  to  be  connected  together  over 
each  river  pier  by  adjustable  toggles.  The  trusses  are  to  be  erected 
as  cantilevers  on  either  side  of  the  piers  meeting  at  the  center  of  each 
of  the  248-ft.  spans,  and  in  the  case  of  the  168-ft.  spans  from  the  river 
piers  for  the  full  span  to  the  masonry  shore  piers. 

As  the  erection  of  the  main  girders  and  their  toggle  adjustments 
is  not  yet  commenced,  it  is  a  satisfaction  to  know  that  the  toggles  at 
the  Niagara  Arch  bridge  were  so  effective,  both  in  raising  and  lowering 
the  load. 

The  roller  bearings  at  the  heels  of  the  Niagara  Arch  are,  in  their 
earlier  life,  no  doubt,  free  from  some  of  the  objections  accompanying 
the  use  of  large  pins,  but  unless  means  are  provided  for  periodical 
cleaning,  and  proper  attention  is  j^aid  to  this  duty,  there  may  be  a 
positive  disadvantage  in  having  adoj)ted  rollers  in  preference  to  the 
much  simpler  pin. 
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Mr.  Moncrieff.        The  writer  notes  that  the  material  of  which  the  rollers  is  made  in 
not  stated  in  the  j^aper. 

The  engineer,  and  all  concerned  in  the  work,  are  to  be  congratulated 
on  the  successful  completion  of  so  handsome  a  structure  under  diffi- 
cult conditions  of  erection. 
Mr.  Johnson.  J.  B.  JoHNSON,  M.  Am.  Soc.  C.  E. — The  great  amount  of  labor  in- 
volved in  the  computation  of  a  spandrel  arch  of  the  kind  here  given 
creates  a  demand  for  a  simpler  method.  The  writer  therefore  offers 
the  following  approximate  method,  and  hopes  it  may  have  a  fair  trial 
at  the  hands  of  those  who  may  be  called  upon  in  future  to  design  such 
structures. 

Since  the  great  problem  is  to  find  the  horizontal  components  of  the 
reactions  for  the  several  joint  loads,  and  since  all  full-spandrel  trussed 
arches  would  be  very  much  alike,  as  to  general  relative  dimensions, 
the  writer  has  taken  the  reactions  as  found  for  this  Niagara  arch  (as 
kindly  sent  to  him  by  the  author),  and  has  simply  drawn  lines  through 
the  springing  representing  their  several  directions,  and  extended 
these  to  intersections  with  their  respective  verticals  through  the  sev- 
eral joints  of  the  arch.  The  broken  (dashed)  line  joining  these 
intersections,  b',  c', k',  may  be  called  the  locus  of  the  reaction  in- 
tersections. If  now  a  parabola  be  made  to  fit  this  true  locus  as  nearly 
as  may  be,  and  its  equation  found  in  terms  of  the  constants,  span,  /, 
rise  of  arch,  r,  and  dejjth  of  crown,  D^,  this  may  be  called  the  "para- 
bolic intersection  locus,"  and  it  could  be  constructed  in  place,  as  soon 
as  the  general  dimensions  of  the  arch  were  known.  The  reaction 
lines  could  then  be  drawn  to  the  intersections  of  the  verticals  with 
this  curve,  and  the  directions,  positions  and  amounts  of  these  reac- 
tions thus  at  once  determined;  that  is  to  say,  all  the  peculiar  diffi- 
culties of  the  analysis  for  such  a  structure  would  disappear  if  this 
intersection  locus  were  known. 

In  the  present  example,  it  can  be  seen  by  inspection  of  Fig.  15 
that  the  error  in  the  horizontal  or  vertical  comjionents  due  to  an 
erroneous  direction  of  the  reactions,  if  these  were  drawn  to  the  para- 
bolic locus  instead  of  to  the  true  one,  would  be  very  small.  Taking 
joint  E  as  the  worst  case,  the  horizontal  component  would  be  in  error 
about  2%,  the  vertical  component  about  2i%  and  the  resultant  reac- 
tion by  less  than  2  per  cent.  The  average  single  error  for  all  the  joints 
would  be  less  than  1%,  and  these  would  be  comi^ensating,  as  they  are 
of  opposite  signs.  The  resulting  effect  upon  the  dimensions  of  the 
members,  for  any  combination  of  loads,  would  therefore  be  practically 
zero.  For  this  one  case,  therefore,  the  parabolic  locus  would  have 
served  as  well  as  the  true  locus,  and  another  curve  could  be  found 
which  would  fit  the  true  locus  still  closer  if  it  were  thought  necessary. 
As  to  using  the  equation  of  this  parabolic  intersection  locus  for 
another  bridge,  as  in  a  new  design,  there  is  only  this  to  be  said:  The 
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intersection  locus  for  a  two-hinged  arcli  of  constant  depth  (parallel  Mr.  Johnson, 
ribs)  is  not  very  different  from  the  parabolic  locus  here  found.     The 
eqiiation  of  this  latter,  when  referred  to  an  origin  at  the  center  of 
the  line  joining  the  two  hinges,  or  springing  points,  is 

32  f  r  * 
y  =  ^y^-F2 fTTTs ••    W 


25  P  —  20.b2 


where 


y  =  ordinate  to  locus  curve, 
/  =  span  of  arch, 
r  =^  rise  of  arch, 

.X  =  distance  out  to  right  or  left  from  the  center. 
The  curve  marked  a" ,  b" ,  c"  k"  is  this  locus. 


0.62D 


Fig.  15. 


The  equation  of  the  parabolic  locus  here  used  for  a  full  sjDandrel 
arch,  referred  to  the  same  origin,  is 
2.5  (r—  Z),).r 


1/ 


+  r  +  2.2  Z),. 


(2) 


The  full-line  curve,  A',  E' ,  K'  is  this  locus.     It  will  be  seen  that  if 
reaction  lines   were  drawn  through  the   springings  to  the  locus,  a", 

b"    k" ,  these  would  all  have  greater  horizontal  components  than 

those  drawn  to  either  of  the  others.      That  is  to  say,  the  horizontal 
components  of  the  reactions  for  an  arch  of  constant  dej)th  (but  whose 

*  See  Modern  Framed  Structures,  p.  210;  Eq.  (19);  also,  the  works  of  Greene  and  Du 
Bois. 
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ttfr.  Johnson,  moment  of  inertia  increases  with  the  secant  of  the  angle  with  the 
horizontal  from  the  crown  to  the  sjiringings,  this  condition  having 
been  assumed  in  the  derivation  of  this  locus),  are  all  greater  than  the 
corresponding  horizontal  components  for  a  full-spandrel  arch;  but  the 
difference  between  actual   stresses   in  a  full-spandrel   arch   and   the 

stresses  which  would  result  from  using  the  locus  a",   b" ,   k" 

would  be  less  than  5%  on  the  average.  That  is  to  say,  if  the  reactions 
were  assumed  to  be  the  same  for  a  full-spandrel  two- hinged  arch  as 
they  are  for  such  an  arch  of  constant  depth,  or  having  parallel  ribs, 
the  error  involved  could  not  exceed  5%  on  any  member. 

It  is  evident,  however,  that  all  full-spandrel  arches  are  miich  more 
nearly  like  each  other  than  they  are  like  arches  having  parallel  ribs, 
and  hence  it  must  become  evident  that  in  assuming  the  Niagara 
reaction-intersection  locus  it  will  serve  for  the  solution  of  all  full- 
spandrel  arches,  and  the  error  involved  must  be  very  much  less  than 
5  per  cent.  Even  if  the  approximate  parabolic  locus  here  found  be  used, 
the  resulting  error  would  certainly  never  be  as  much  as  2%,  and 
would  probably  always  fall  inside  of  1  per  cent. 

When  it  is  considered  that  other  functions  of  the  problem  cannot 
be  evaluated  nearer  than  50%,  and  that  to  cover  these  great  imcer- 
tainties  a  factor  of  safety  of  300%  or  400%  is  inserted,  is  it  not  very 
irrational  to  expend  great  labor  in  trying  to  compute  sections  for 
assumed  loads  to  the  nearest  tenth  of  1  per  cent.  ? 

A  somewhat  closer  approximation  to  the  true  locus  may  be  found 
by  using  a  hyperbola  having  the  equation 


where  §  =  1.35  r  -f  1.85  D, 

and  K=.r  +  2.2  D, 

This  curve  coincides  at  the  center  with  the  parabola  here  used, 
but  drops  a  little  at  the  ends. 

These  reflections,  and  this  approximate  method  of  computing  these 
structures,  are  submitted  to  the  good  judgment  of  practicing  en- 
gineers, rather  than  to  the  equally  worthy  members  of  the  Society 
whose  jjrinciiDal  business  is  to  apply  exact  theories  to  very  definite 
but  assumed  problems. 
Mr.  Braune.  G.  M.  Braune,  Jun.  Am.  Soc.  C.  E. — The  writer  fully  agrees  with 
the  author  in  his  j)raise  of  the  steel  arch.  In  beauty,  the  steel  arch  is 
entitled  to  first  place  among  the  different  tyjics  of  bridges.  Were  it 
not  for  that  statically  indeterminate  force— the  horizontal  thrust — 
it  would,  no  doubt,  appear  more  frequently  in  America. 

The  following  equations  for  determining  the  horizontal  thrust  for 
the  two-hinged  arch  with  web  members  were  taken  by  the  writer  from 
the  lectures  of  the  late  Dr.  Fraenkel,  of  the  Technical  High  School  of 
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Dresden,    Saxony,    and    from   Mueller-Breslau's    Graphical   Statics,*  Mr.  Biaime. 
which  work  treats  of  the  arch  very  fully,  and  in  svich  a  manner  that 
the  theory  is  easily  understood  by  the  reader. 

If  S  represents  a  force  working  in  the  axis  of  a  member  m — m 

whose  length  is  u;  • 1 5-  a  certain  amount  of 

*^  m  m 

work  will  be  jjerformed,  which  (assuming  that  the  material  of  which 

the  member  is  composed  possesses 

the  virtue   of    elasticity)    will  be 

equal  to 

s- » 


2  E  F' 


(1) 


Fig.  16. 


in  which  E  denotes  the  modulus  of 

elasticity,  and  F  the  cross-section  of  the  member. 

The  w'ork    of    a  whole   system,  when   forces   act   in   the   different 
members,  would  be: 

■        -     *'"  (2) 


Let  the  forces  p^^  p. 


2  E  F    

act  on  the  arch  a-b;  the  reactions  re- 


sulting from  these  forces  may  be  resolved  into  V^,  F,  and  H.  Let  S 
be  the  stress  in  the  member  m — m,  then  S  =  Q  -\-  s  H  may  be  written, 
in  which  Q  is  the  stress  in  the  member  when  H=  0,  or  when  the  arch 
acts  as  a  simi^le  beam,  and  s  is  the  stress  when  H  =1. 

Assume  that  the  abutments  are  movable,  and  represent  the  amount 
of  movement  by  z/  I, 

(Castigliano) (3) 


then 


J  1  = 


dA 
clH 


in  which  A  equals  the  work  performed  in  the  whole  system,  and  H  is 
equal  to  the  horizontal  thrust. 
It  has  been  shown  that 


A  =  2 


(4) 


2  E  F' 

so  that  by  differentiating,  and  siibstituting  in  (3),  there  results: 

^     S  u    d  S 

~^  ^=  ^^T'  dH 

f/  S' 
From  S  =  Q  -{-  s  H,  is  obtained  -j-jr  =  *;  and  substituting  these 

values  in  (4) : 

{Q  +  -s  H)  u  s 


—  J  1  = 


and  hence 


H 


Q  u  s 


EF 


-{.  E  J  I 


F 


*  "  Statik  der  Baukonstruction,"  by  Mueller-Breslau. 
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Mr.  Brail ne.  Or,  when  the  abutments  are  regarded  as  fixed, 

„     O  ti  s 


Jl=0 


H. 


F 


(5) 


F 


Q  =  stress  in  member  when  H  —  0. 

u  =  length  of  member. 

s  =  stress  in  member,  when  H  =^1. 

F  =  cross-section  of  each  member. 

The  horizontal  thrust  resulting  from  the  change  in  temperature 
may  be  found  in  the  following  manner. 

If  for  each  member  of  the  arch  truss  the  change  in  temperature  is 
the  same  and  is  equal  to  P,  and  were  the  reactions  removed,  the  arch 
would  expand  and  assume  a  shape  similar  to  its  original  form,  and  the 
line  of  horizontal  thrust  would  lengthen  itself,  a  I  tP,  I  being  the 
span,  a  the  coefficient  of  expansion,  and  P  the  diflference  in  tempera- 
ture. Now,  the  abutments  would  prevent  this  expansion  through  two 
equal  forces  iZ^  working  in  the  direction  of  the  line  of  horizontal  thrust. 

Now,  —  J  ^  = 


therefore 


alP 


_  dA 


(6) 


Let  S  be  the  stress  working  in  any  member  of  the  truss  caused  by  H^, 
then  *S'  =  H^  s,  and  -r-g-  =  «  (and  s  =  stress  for  i?,  =  1). 

It    has    been   shown   that  d  A  =  2  — ^  „    :   substituting  these 


values  in  equation  (6)  there  results: 

Su    dS 


EF 


■alP  =  2 


and. 


EF  d  H,  ~  ^' 

EaP  I 


EF 


H,  =  ± 


(7) 


in  which 

E  =  the  modulus  of  elasticity, 
a  =  the  coefficient  of  expansion) 
P  z=z  difference  in  temperature, 
I  =  the  length  of  span, 
s  =  stress  when  H  ^  I, 
n  =  length  of  member, 
F  =  cross-section  of  member. 


Fig 


By  disregarding  the  change  in 
form  (Formaenderung)  of  the  web  members,  when  forces  act  upon  the 
truss,*  equations  (5)  and  (7)  may  be  simplified  in  the  following 
manner : 


*  Mueller-Breslau  :  Zeitschrift  der  A.  &  I.  Verein,  1884,  p.  581. 
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Let  «^,j  =  length  of  member  in^ — m2.  Mr.  Braune. 

r„j  =  i^erpendicular  from  m  to  «<„,, 
y^jj  =  ordinate  of  panel  point  m, 
F,^  =  section  of  »,„, 
Ff.  =  the  most  frequently  occurring  section. 

"=^^^        (^"» 

F       " 

_EatojF^ 

Ii3t  J/,j  be  the  moment  of  all  the  external  forces  about  the  point  m 
and  3/'„i  the  moment  about  the  point  m  of  a  simple  beam,  then 

and  the  stress  in  the  member  is : 

'  m 
'in  '  m     ' 

It  has  been  shown  that  S„^  ■=  ( §,„  +  s„j  H),  in  which  §  =  stress 
when  H  =  0,  S  ^=  stress  when  H  =  I. 

By  comparing  these  two  equations,  it  is  found  that 


§«.  =  +  ^;    and  8,,  =  --^ 


lience, 
and, 


Xin  ■''m  "'m      jp      —  ~r  ,,  jp  ,.2  //■> 

-*■   vn  '    111  -*■     »i  '        m  •*■     »j 


'^  m  "'m   W     —  y.  F  r-  F 


and,  by  substituting  in  equations  (5")  and  (7"), 

^"""^XT^ ^^^ 

and,  ^'  =  ^1^^ (^^) 


in  which  Z,„  =  —  i/,„  iv,„  =  - 


170 


COREESPONDENCE    ON    NIAGARA    RAILWAY    ARCH. 


Mr.  Braune.        Now  let  a  force  P  act  at  a  point  x  =  a  of  the  truss  i 
moment  about  a  jjanel-point  to  tlie  left  of  P  will  be: 

P{l-a)    ^. 


i,  then  the 


M' 


I 


and  for  a  panel-point  to  the  right  of  P: 

3/'.,.  =  — ^-  X 


If  all  the  moments  of  the  j^anel-points  to  the  right  and  left  of  P 
are  found  and  substituted  in  equation  (5''),  there  obtains: 


H=P 


I 


+  f^' 


2  Z 


(8) 


Now  if  the  values  of  «',„  are  multiplied 
by  the  force  P  ^  I,  and  the  moments  of 
these  forces  about  the  point  x  =  a  are 
found  (allowing  the  forces  w,„  to  act,  of 
course,  in  the  respective  panel-points 
for  which  they  were  calculated)  there 
results: 


Fig.  18. 


M  n-  = 


^    ^"fli  •^».  4-  T  ^' 


..I 


The  right  side  of  this  equation  is  identical  with  the  numerator  of 
equation  (8),  and,  by  substituting,  it  is  found  that, 


Y 


m 

A,,  =  —  Y,„ 


H=^ 


2~z: 


(9) 


at  a  point  x  =  a  of  the  arch  truss,  the  values   TFl,  = 


^r-- 


I 


Therefore,  to  find  the  horizontal  thrust  which  a  force  P  =  I  exerts 

'    m  -^  111 

must  be  calculated  and  multiplied  by 
P  =^  I,  and  the  bending  moment  of  these 
forces  (allowing  them  to  act  at  the  re- 
spective pane]  points,  for  which  they  were 
figured)  found  about  the  point  x  =  a.  Fig.  19. 

These  equations  may,  at  first,  appear  rather  tedious,  but  after 
using  them  a  few  times  they  are  solved  very  readily. 

F 

By  jjutting    ^    =  1,  the  equations  are  much  simplified,  and  the 

results  thus  obtained  (Mueller-Breslau)  are  very  satisfactory. 

The  value  F,.  of  the  equation  (7'')  may  be  calculated  as  follows: 
After  having  found  the  stress  acting  in  a  member  T  due  to  the  live 
and  dead  loads,  an  equation. 


CORKESPONDENCE    ON    NIAGARA    RAILWAY    ARCH. 


171 


may  be  written,  in  wliicli  S  =  the  stress  allowed  per  square  inch, 
Q^  =  the  stress  resulting  from  live  load, 
Qo  =         "  "  "       dead  " 

Qj  =         "  "  "       change  of  the 

temperature. 


Mr.  Braune. 


Having  calculated  the  expression 


2  Z.. 


resented  by  B  ; 
then, 

and, 


Ql-  Qd 


from  (7''),  let  it  be  rep- 


BF„ 


F..= 


h 


s  —  B  — 

r 

For  the   case  where  the  toj^  chord  is  horizontal,  and  the  panel 
lengths  are  equal,  there  may  be  written: 
S    V       F 

*' mo  -.2  TP 

'    m       -^  VI 

^      U,n  1  F^ 

COS  a 


'""    7r~  COS 2  a    F, 


Y     U 


cos^   a  Ji"^ 


F 


and 


W     = 


combining  these  two 

U     /  F  F        1      \ 

^''mu-r    ^,no  **m  ;^2     V  *^""'    F.„,  ^""^  F,,^    COS^*  (Z/ 

For  all  practical  purposes,  since  the  panel-lengths  are  equal,  these 
equations  may  be  written: 


w  = 


Y     4-  Y 


z„.  = 


E.   S.  Buck,  M.  Am.   Soc.  C.  E. — In  response  to  several  requests,  Mr.  R.  S.  Buck, 
the  author  gives  herein  the  outline  of  the  method  of  calculation  used  in 
this  design,  and,  in  order  to  make  clearer  the  essential  points  involved, 
has    added   some    details    and    ex^^lanations   not    given   in    Professor 
Greene's  book. 

The  removal  of  the  center  hinge  eliminates  the  point  that  admits  of 
an  easy  graphical  determination  of  the  proper  force  polygon  for  any 
loading,  and  the  equation  of  condition  for  invariability  of  span  is  not 
applicable.     This  equation, 


^EF     DE^ 


becomes 


EI 
EF 


D  E 


E 


=  0 
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Fig.  21. 


Mr.  R.  S.  Buck,  when  /  becomes  a  variable,  as  it  does  with  the  spandrel-braced  arch 
with  horizontal  top  chord. 

In  this  equation  E  F  is  the  vertical  intercept  between  the  force 
polygon  for  any  loading  and  the  axis  of  the  rib;  and  D  E  is  the  ordinate 
to  the  same  j)oint  on  this  axis 
(see  Fig.  21).  ^is  the  modulus 
of  elasticity  of  the  material  in 
the  arch,  which  is  usually  con- 
stant. /  is  the  moment  of 
inertia  of  the  truss,  which  varies 
rapidly,  and  cannot  be  deter- 
mined at  any  point  until  the  j^i 
sections  are  known.  It  must, 
therefore,  come  within  the  sign 
of  summation,  which  renders  it  impi'acticable  to  apply  the  above 
formula. 

The  principle  involved  in  the  Clerk-Maxwell  method  is  the  follow- 
ing: If  one  end  of  an  arch  is  fixed  and  the  other  end  fi-ee  to  move,  and  if 
any  member  of  the  truss  is  lengthened 
or  shortened  under  stress,  the  hori- 
zontal movement  of  the  free  end  of 
the  arch  due  to  this  change  of  length 
will  be  proportional  to  the  horizontal 
thrust  at  this  point,  if  the  movement 
were  prevented.  In  other  words,  in- 
ternal work  of  strain  equals  external 
work  of  resistance. 

To    demonstrate     more     fully    (see 
Fig.  22): 

Let  T  =  stress  in  any  member  G  E,  no  other  member  being  under 
stress. 
"   ^  =  area  of  cross-section  of  G  E, 
"   E  =  modulus  of  elasticity       " 
"     /  =  length  of  G  E, 
"  z/^  =  elongation  or  compression 
oi  G  E  under  stress  T. 

T 

(1) 


Fig.  22. 


Then  /ll 


E  A 


X  I. 


'  \  I'G=p 

a'b=x 


"iJ 


Now,  if  we  consider  the  position  of  A'iT^ 
the   arch  on  the  right  of    G  E  to  be     Vf 
held  rigidly  and  this  member  length- 
ened or  shortened  an  amount  Jl,  for  ^ig.  33. 
a  slight  distortion  motion  of  the  free  end  of  the  arch,  F  can  be  con- 
sidered as  taking  place  about  -F  as  a  center,  this  being  the  center  of 
moments  of  the  piece  in  question.     "We  then  have 
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AA':EE'::AF:EF.-.AA'  = 


E  E'  X  A  F       Al  X  A  F  Mr.  R.  S.  Buck. 


Again 


AA':AL::  A  F  :  F  J .- .  A  L 


EF        ~  " 
AA'X  FJ 


P 


AF 


=  ^  Al 


(2) 


In  other  words,  the  horizontal  com- 
ponent of  the  movement  of  the  free  end 
of  the  arch  is  to  the  change  of  length  of 
the  member  stressed  as  the  vertical 
ordinate  of  the  center  of  moments  of 
the  member  is  to  the  perpendicular  to  -^/C 
the  member  dropped  from  the  center  of  ^ 
moments.  nt 

This  is  more  readily  apparent  in  the 
case  of  the  top  chord  than  of  the  verti- 
cal and  inclined  members.      The  distor-  Fig.  24. 
tion  of  the  truss  for  change  of  length  of  post,  brace  and  rib  is  given 
in  Figs.  23,  24  and  25;  and  the  operations  of  obtaining  the  values  of  AL 
for  tJiese  cases  are  as  follows: 

Post- A  A'  :  G  G'  :  :  A  P  :  P  G  .- .  A  A'  =  ^  ^'  ^  ^  ^  ' 


AA':AL::AP:PR..AL  = 


P  G 
P  R  X  AA'       Alx  A  P 


Brace.— A  A'  :  S  S'  : :  A  P 


=  y. 
p 

PS 


AP 

Al 

.-.  A  A' 


A  A'  :  A  L  :  :  A  P  :  P  R  ..  A  L  -= 


Alx  A  A' 

P 
y  X  A  A' 


Rib.— A  A'  :  K'  K"  :  :  A  G  :  G  S  .■ .  A  A'  ^ 


AP  p 

Alx  A  A' 


Al 


AA':AL::AG:GR 


y 


■^^-  ■  AG 


rr~~-^G 


=  ^Al 
P 

Now  substituting  in  equation  (2)  the 
value  of  A  I  given  in  equation  (1)  we  get, 

^L  =  ^'-^ 

E  A  p 

If  the  arch  be  acted  upon  by  two  forces 

H  and    V  (Fig.    26),    by   the  method   of 

moments,  the  stress  in  any  member  as  G  F  can  be  obtained. 

„       Hx  P  R+Vx  AR       Hy  +  Px 


PS 


P 


w 
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Mr.  R.  S.  Buck.  Substituting  this  value  of  Tin  equation  (3),  there  results 

H  /  -\-  P  X  y      I 

p2  EA  


J  L 


(5) 


Now,  this  value  oi  /}  L  can  be  calculated  for  the  change  of  length  of 
each  member  in  the  arch,  and  the  error  of  considering  each  member  as 
changing  its  length  independently  of  the  changes  in  the  other  members 
is  inconsiderable  for  slight  distortions. 

The  total  moment,  therefore,  is 


2  JL  =  H^K 


I 


+  ^i^i.2   EA  +^^ 


xy 


I 


p-  EA  ^  "  1  ^  ij2   E  A  ^  ^^  ~  _p2  EA ^^^ 

where  P^  is  the  vertical  end  reaction  at  the  left,  and  Po  the  same  at  the 
right. 

There  is  no  actual  movement  of  the  i:)oint  A,  therefore,  .S  J  i  =  0, 
and  we  have 

y'  I  .      r.     ^  X  t/         I  .      -^     „  X  V         I 


H  2 


2)3.  EA 


4-P  -^"lA^L.  A.P  ^■UL 

+  ^1^  p'  EA    +^2-  ^2 


EA 


0. 


P,  2 


X  1/        I 


E  A 


+  Po^ 


xy      I 


P' 


EA 


(7) 


(8) 


Fig.  26. 


p^  E  A 
which  is   the   general  valtie   for  the 
horizontal  thrust  due  to  a  load  at  any 
point  on  the  arch. 

The  first  expression  in  the  nume- 
rator is  for  those  members  to  the  left 
of  the  load  and  the  second  for  those 
to  the  right  of  the  load.  The  denomi- 
nator covers  all  the  members  in  the 
truss. 

In  this  expression  for  the  value  of 
H,  Eis  constant,  and  can  therefore  be  cancelled  out. 

In  order  to  obtain  trial  values  of  H  and  from  these  to  obtain  trial 
sections,  it  is  necessary  first  to  consider  the  sections  of  all  members  as 
being  the  same. 

Thus  A  is  also  constant  and  cancels  out. 

Then,  with  values  of  A  proportionate  to  the  unit  load  stresses,  the 
values  of  H  can  be  properly  corrected  by  giving  due  consideration  to 
the  variability  of  A. 

With  A  constant,  equation  (8)  becomes 

P^^J^l  +  P^S^l 
H=  ^ -, ^ (8') 


As  can  be  readilv  seen, "—  is  simplv  an  expression  for  the  stress  in  anv 
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member  due  to  a  vertical  end  reaction  of  nnitv,  and  ^-  the  same  for   a  Mr.  R.  s.  Buck. 

V 
horizontal  thrust  of  unity. 

Therefore,  the  first  steps  in  the  solution  of  the  above  expression 
for  H  is  to  ascertian  these  stresses  in  all  members.  These  can  be 
obtained  by  any  of  the  ordinary  methods,  preferably  perhaps  by  means 
of  moments  for  the  chord  members,  and  graphically  for  posts,  braces 
and  ribs. 

A  combination  of  the  two  methods  serves  as  a  very  convenient  check. 

"With  values  of  H  for  load  unity  on  each  panel  j)oint,  the  unit 
stresses  of  all  the  members  can  be  obtained. 

The  values  of  i/for  load  unity  on  each  panel-point  are  as  follows: 


Load  on 


Preliminary. 

Final. 

A  Constant. 

A  Variable 

.15554 

.16459 

.29824 

.31400 

.43439 

.45411 

.56250 

.58499 

.67596 

. 70175 

.77945 

.79974 

.8.5051 

.86702 

.87614 

. 88540 

(16  Panels  Loaded) 8.39652  8 . 65840 

The  results  show  only  a  variation  of  from  1  to  &%,  and  therefore  a 
second  approximation  is  unnecessary. 

There  is  marked  similarity  between  this  method  of  Clerk-Maxwell 
and  that  given  by  Mr.  Braune  as  taken  from  the  German  authorities. 
Applied  to  the  truss  given  in  Professor  Greene's  book  on  arches  to  il- 
lustrate the  Clerk-Maxwell  method,  Mr.  Braune's  equation  (5)  gives 
values  of  H  irorn.  1  to  9%  smaller. 

Professor  Johnson's  views  concerning  the  sufficiency  of  approximate 
methods  in  such  designs  as  require  so  much  work  to  compute  are  un. 
questionably  sound.  His  deductions  are  certainly  serviceable.  One 
or  two  applications,  however,  of  the  more  tedious  methods  show  nu- 
merous short  cuts  within  the  limits  of  theoretically  correct  treatment 
that  deprive  them  of  much  of  their  capacity  for  consiiming  time  and 
grey  matter. 

Mr.  Schaub's  desire  to  launch  a  stringent  criticism  rather  clouds  his 
observation  of  facts. 

The  full  amount  of  dead  load  w^as  not  imposed  on  the  Niagara  Eail- 
way  Arch  when  the  adjustment  was  made  by  means  of  the  compression 
toggle.  None  of  the  upper  floor  system,  and  only  part  of  the  lower 
floor  system,  was  placed  at  the  time  the  adjustment  was  made.  In 
fact,  when  due  consideration  was  given  to  temperature  conditions,  only 
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Mr.  R.  s.  Buck.  350  tons  had  to  be  imposed  in  both  top  chords  to  secure  proper  adjust- 
ment, instead  of  850  tons,  as  imagined  by  Mr.  Schaub. 

If  Mr.  Schaub  examines  the  toggle  a  little  more  closely  he  will  find 
that  it  is  capable  of  much  more  push  than  may  at  first  appear.  The 
bolts  are  2^  ins.  in  diameter,  and  with  ordinary  wrenches  the  nuts  could 
be  drawn  up  to  produce  a  tension  of  4  tons  in  each  bolt.  This  means 
16  tons  applied  to  both  sides  of  a  double  toggle,  or  32  tons  effective 
lateral  pressure.  The  angle  of  inclination  of  the  toggle  proper  multi- 
plies this  by  8,  and  gives  an  available  pressure  of  256  tons  for  each 
toggle,  or  516  tons  for  both  chords  to  take  care  of  350  tons  needed. 

So  far  from  having  practically  nothing  in  the  way  of  dead  load 
stress  in  the  top  chord  of  the  center  panel,  there  is  a  reasonably  close 
approximation  to  the  350  tons  due  at  the  time  of  adjustment,  and  the 
balance  due  to  subsequent  loading  is  taken  care  of  in  the  regular  way- 

The  oi^enings  at  the  center  of  the  top  chords  were  increased  by 
means  of  the  toggles  from  i  in.  to  1  in.,  and  the  line  of  camber,  accord- 
ing to  close  level  observations,  raised  over  the  entire  span  in  a  manner 
to  indicate  closer  conformity  to  a  correct  distribution  of  stress. 

The  author  takes  exception  to  the  proposition  that  the  two-hinged 
arch  is  incapable  of  proper  adjustment,  and  insists  that  such  adjust- 
ment is  not  only  possible,  but  easily  applicable.  He  would,  however, 
recommend  a  more  sensitive  means  of  measuring  the  stress  ai^ijlied  at 
the  center,  such  as  was  used  in  the  case  of  the  Niagara  Falls  and  Clifton 
Arch,  viz.,  hydraulic  jacks  with  gauges  attached.  The  device,  how- 
ever, used  in  the  case  of  the  Railway  Arch  was  designed  to  meet  an 
unexpected  contingency,  and  was  not,  as  in  the  latter  case,  carefully 
designed  beforehand. 

Mr.  Lewinson's  jjroposition  that  the  form  of  end  bearing  here 
adopted  is  improper,  on  account  of  the  theoretical  center  of  the  end 
bearing  being  4  ft.  away  from  the  bearing  face  of  the  joint,  is  readily 
answered . 

Eccentricity  and  consequent  appreciable  unfair  distribution  of  the 
pressure  in  the  rollers  are  not  possible  so  long  as  the  line  of  pressure 
does  not  depart  considerably  from  the  center  of  the  roller  bearing. 
The  extreme  range  of  the  line  of  pressure  is  only  24°  10',  and  the  usual 
range  not  more  than  a  quarter  of  this;  therefore,  the  rollers  are  not,  as 
Mr.  Lewinson  imagines,  very  seriously  abused.  No  bending  can  occur 
at  this  joint  unless  the  line  of  pressure  actually  falls  outside  of  the 
roller  bearing,  which  is  manifestly  impossible. 

The  case  there,  in  effect,  is  simply  that  of  a  pin  8  ft.  in  diameter 
with  roller  bearings. 

The  rollers  are  easily  accessible  and  can  be  cleaned  readily,  there- 
fore danger  of  their  becoming  ineffective  from  rust  is  not  at  all  serious. 
As  far  as  can  be  seen,  there  is  not  the  least  indication  that  there  is  any 
unfair  distribution  of  stress  on  the  rollers. 
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Eeplying  to  Mr.  Lindenthars  request  for  further  information  on  Mr.  R.  S.  Buck, 
certain  jjoints,  the  dead  load  concentrations  and  the  allowable  stresses 
for  the  truss  have  been  added  to  the  stress  diagram. 

The  method  adopted  to  secure  the  deflection  under  a  unifoi'm  load 
of  10  000  lbs.  per  lineal  foot  was  to  compute  the  shortening  of  the  rib 
and  the  consequent  reduction  of  versed  sine  under  this  load.  This 
dealt  with  the  rib  members  only,  and  gave  '2-rg  ins.  as  the  deflection. 
By  using  the  "  Pull  over  E  "  formula,  2i  ins.  are  obtained  as  the  deflec- 
tion. 

Theoretically,  therefore,  vinder  a  load  of  6  500  lbs.  per  lineal  foot, 
the  deflection  should  beli-y  ins.  instead  of  if  in.  as  actually  obtained 
under  this  load.  The  difference,  f  in. ,  is  proportionally  considerable, 
but  the  actual  amount  of  deflection  is  too  small,  and  existing  condi- 
tions too  far  removed  from  those  necessarily  assumed  in  theoretical 
treatment,  to  use  the  deflection  as  a  close  check  on  the  stresses.  All 
that  can  be  accomplished  is  to  see  whether  or  not  the  deflection  comes 
within  the  theoretical  limit. 
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MARINE  WOOD-BORERS. 
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Presented  at  the  Annual  Convention,  July,  1898. 


WITH  DISCUSSION. 

The  forms  of  marine  life  which  attack  wood  are  much  more 
numerous  than  is  commonly  supposed.  The  wood-borer  is  for  the 
most  part  concealed  from  view  while  at  work.  It  is  in  consequence 
frequently  dissociated  from  the  subsequently  discovered  results  of 
its  labors. 

The  Teredo  Navalis,  being  common  in  Europe,  where  these  forms 
of  life  were  first  studied,  has  become  better  known  than  its  com- 
panions. Nearly  every  kind  of  boring  found  in  wood  which  has  been 
in  sea  water  is  in  consequence  very  generally  attributed  to  this 
animal.  The  Teredo  Navalis  is  worthy  of  all  the  attention  it  receives, 
being  important  of  itself,  and  also  standing  as  a  representative  of  its 
family.  That  there  are  other  species  of  teredo  than  the  navalis,  and 
other  wood-boi-ers  than  the  teredo,  must,  however,  not  be  forgotten. 

The  destruction  accomplished  by  wood-borers  is  very  great.  The 
cost  of  wood  destroyed,  of  replacements  necessitated  by  failures,  and 
of  protecting  wood  so  that  it  will  not  fail,  aggregate  a  very  large 
amount.     The  influence  of  these  animals  has  not  always  been  con- 
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fined  to  direct  cost.  It  is  said  that  their  presence  in  abnormal  quan- 
tities has  afi'ected  the  jDrosperity  of  cities.  The  weakening  of  the 
pile  foundations  and  other  woodwork  of  the  dikes  of  Holland  once 
threatened  the  very  safety  of  that  country. 

The  Teredo  Navalis  has  been  observed  in  Europe  for  nearly  two 
centuries.  The  Dutch,  from  necessity,  excelled  in  the  early  study  of 
its  habits,  and  the  reputation  thiis  established  has  continued  to  the 
present  time.  Much  attention  has  been  devoted  to  this  and  other 
forms  of  mai'ine  wood-borei-s  by  American  naturalists,  among  whom 
the  names  of  A.  E.  Verrill,  of  Yale  University;  S.  I.  Smith,  of  the 
National  Fish  Commission;  W.  H.  Dall,  of  the  Smithsonian  Institu- 
tion, and  lately  C.  O.  Siegerfoos,  of  the  Johns  Hopkins  Department 
of  Biology,  should  be  mentioned. 

The  Tekedo. 

The  teredo  is  a  very  ancient  form  of  life,  fossil  remains  having 
been  found  both  in  England  and  America.  It  was  known  to  the 
Ancients,  and  is  mentioned  in  the  writings  of  Pliny  and  of  Ovid.  It 
was  observed  in  modern  times  about  the  year  1730,  when,  as  has  been 
stated,  it  threatened  the  woodwork  of  the  dikes  of  Holland. 

The  Teredo  Navalis  is  often  referred  to  as  the  Ship  Worm,  although 
it  is  a  mollusk.  The  name  is  convenient,  because  the  navalis  and 
other  teredos  resemble  worms  in  appearance,  but  if  it  is  to  be  used  it 
should  include  all  forms  of  the  teredo,  and  not  be  confined  to  the 
sjiecies  navalis,  in  which  case  the  names  Teredo  and  Ship  Worm 
rather  than  the  names  Teredo  Navalis  and  Ship  Worm  would  be 
synonymous. 

Seven  species  of  the  teredo  have  been  identified  as  existing  in 
the  United  States.  They  are  the  Teredo  Navalis  (Linn.),  the  Teredo 
Norvegica  (Spengler),  the  Teredo  Dilatata  (Simpson),  the  Teredo 
Megotara  (Hanley),  the  Teredo  Thompsono  (Tryon),  the  Xylophaga 
Dorsalis  (Forbes  and  Hanley),  and  the  Xylotrya  Fimbriata  (Jeffreys). 
These  varieties  are  similar  in  their  principal  characteristics.  A  de- 
scription of  the  teredo  may  profitably  be  preceded  by  a  mention  of 
two  of  the  more  familiar  forms  of  life  which  resemble  it. 

The  long  or  soft  shell  clam  (Myra),  is  familiar  to  all.  The  promi- 
nent characteristic  is  a  long  worm-like  neck,  which  is  out  of  all  pro- 
portion to  the  shell  which  covers  the  softer  parts.     This  long  neck 


180  SNOW   ON   MAEINE  WOOD-BOREES. 

contains  two  tubes  or  syplions,  through  one  of  which  the  animal  re- 
ceives its  sustenance,  the  other  being  used  to  exj^el  the  water  from 
which  the  microscopic  life  has  been  withdrawn. 

Another  form  of  the  same  worm-like  structure  is  the  razor  clam 
(Solenidse),  whose  shape  is  more  nearly  conformed  to  by  the  cov- 
ering shell.  It  possesses  a  powerful  club-shaped  foot  or  sucker, 
which  is  used  as  an  auger  to  penetrate  the  sand  in  which  it  re- 
sides. The  special  features  to  which  attention  is  called  are  the  long 
worm-like  syphon  structure  in  both  the  long  and  razor  clam,  and 
the  foot  or  sucker  of  the  latter.  A  general  idea  of  the  teredo  can 
be  gained  by  imagining  a  soft  clam  with  an  unusually  long  neck 
and  a  very  small  shell,  or  a  razor  clam  with  its  shell  cut  away  so  as 
to  expose  nearly  all  of  its  length.  The  long  clam,  the  razor  clam  and 
the  teredo  are  all  true  mollusks,  and  only  resemble  worms  in  that 
jjarts  of  their  bodies  are  long  and  round.  The  shell  of  the  adult 
teredo  covers  but  a  small  proportion 
of  its  slender  worm-like  body. 

The  body  of  the  teredo  (Fig.  1), 
which  in  substance  resembles  that  of 
the  oyster,  is  long,  slender,  smooth, 
soft  and  gray,  tapering  somewhat 
toward  the  outer  or  posterior  end  s, 
where  it  is  marked  by  a  wrinkled 
collar,  shown  at  G.     This  is  the  end  of  ^^^-  ^' 

the  animal  which  is  nearest  to  the  entrance  of  the  burrow.  Although 
the  collar  attaches  the  animal  to  the  sides  of  the  boring  which  it  has 
formed,  yet  the  teredo  is  free  to  move  to  either  side  of  it.  The  two 
little  horns  shown  at  s  are  the  extremities  of  the  tvibes  or  syphons 
which  have  been  described  in  connection  with  the  long  and  razor 
clams.  These  little  tubes  may  be  extended  out  through  the  opening 
in  the  wood.  They  are  the  portions  of  the  animal  which  are  first  no- 
ticed by  the  observer  (Plate  XIII). 

The  two  little  shelly  plates,  p,  at  the  base  of  the  syphon  prolonga- 
tions, are  called  pallets.  They  are  slightly  curved  at  the  top  so  that 
they  can  enfold  the  syphons.  When  the  syphons  are  withdrawn  into 
the  burrow,  the  pallets  are  contracted  over  them  so  as  to  i)rotect  these 
soft  tubes  from  the  enemy.  The  pallet  shells  are  frequently  confused 
with  the  boring  shells,  which  are  at  the  other  end  of  the  body. 
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The  principal  or  boring  shells  B,  Fig.  2,  which  are  open  both  at 
the  top  and  bottom,  are  small,  and  very  beautifully  formed.  The 
opening  at  the  top  permits  the  emergence  of  the  body,  and  the  foofr. 
or  sucker  /  passes  through  the  opening  at  the  bottom.  A  calcareous 
substance  is  invariably  deposited  by  the  teredo  upon  the  newly  cut 
surface  of  the  wooden  tunnel,  forming  an  enameled  lining  through 
which  the  animal  can  glide  backward  or  forward  as  it  contracts  and. 
expands.  This  shell  tube  is  a  se^Darate  shell  structure,  distinct  fronn 
the  jjallets  and  from  the  boring  shell. 

It  will  be  seen  that  the  distinctive  features  of  the  teredo  are  the 
body,  the  collar,  the  syphons,  the  pallets,  the  boring  shell,  the  foot 
and  the  lining  shell.  These  several  members  and  their  processes  wilL 
be  considered  separately. 

The  Body. — The  body  of  the  teredo  resembles  that  of  along  worm., 
without  the  articulations.  In  the  young  animal  it  is  so  transparent 
that  some  of  the  interior  organs,  such  as  the  heart  and  the  ovary,  may  be 
observed  through  it.  The  heart  consists  of  two  auricles  and  a  ventricle. 
The  pulsations,  which  may  be  readily  counted,  are  irregular,  the  rate- 
being  abotit  four  or  five  j^er  minute.  The  blood  is  a  transparent, 
colorless  fluid.  Many  of  the  important  organs,  as  the  mouth,  the 
palpi,  the  liver  and  the  foot,  are  enclosed  in  the  boring  shell  at  the  fur- 
ther extremity  of  the  animal.  The  gills  are  located  for  the  most  part 
at  the  outside  of  the  shell,  and  are  very  interesting.  They  are  long: 
and  nai-row,  usually  reddish  brown  in  color,  and  perform  the  import- 
ant office  of  sheltering  the  eggs  and  embryo.  The  nervous  system  is. 
well  developed,  and  consists  of  filaments  and  ganglions  connecting  the 
mouth,  the  branchiae,  the  foot,  the  collar  and  the  syphons.  The^ 
stomach  is  not  distinguished  by  any  peculiarity,  but  there  is  a  well- 
developed  intestine.  The  great  length  of  the  body  is  due  to  the, 
elongation  of  the  syphons  or  breathing  tubes.  * 

The  Collar. — The  collar  C,  Fig.  1,  is  a  muscular,  wrinkled  mem- 
brane which  extends  entirely  around  the  posterior  portion  of  the  ani- 
mal, and  forms  a  connection  between  the  teredo  and  the  shelly  lining- 
of  its  tunnel.  This  is  the  only  place  at  which  the  teredo  is  not  free^ 
and  separated  from  its  surroundings.  The  collar  fills  the  place  be- 
tween the  teredo  and  the  circumference  of  its  tunnel.  Water  cannot 
pass  through  the  orifice  of  the  tunnel,  save  as  it  is  controlled  by  the 

*Johns  Hopkins  Circular,  1896. 
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syi^lions.  The  collar  contains  several  well-defined  muscles,  and  these 
act  upon  the  pallets  which  are  pulled  down  over  the  syphons  in  such 
a  manner  as  to  close  the  entrance  to  the  tube  when  the  extremities  of 
the  syphons  are  drawn  into  the  burrow. 

The  Syphons. — The  syphons  are  the  two  principal  organs,  and  ex- 
tend throughout  the  greater  length  of  the  body.  One  of  these  tubes 
conveys  the  oxygen,  water  and  infusorial  food  to  the  vital  processes 
of  the  animal;  the  other  conveys  the  exhausted  water,  the  excretions, 
the  debris  from  the  excavation  and  the  eggs  to  the  free  water 
without.  The  outer  structures  of  the  syphons  are  united  while  they 
remain  in  the  body,  but  signs  of  divergence  are  seen  as  they  emerge 
from  between  the  pallets.  They  continue  united  for  a  little  and  are 
then  separated  into  two  distinct  tubes,  as  indicated  in  Plate  XTTT. 
These  divergent  extremities  pass  backward  and  forward  through 
the  orifice  in  the  wood.  They  constitute  the  only  part  of  the  animal 
which  can  be  seen  from  the  outside  of  the  wood.  The  extremities 
often  stretch  for  some  distance  out  through  the  minute  opening  to  the 
cell,  and  are  sometimes  mistaken  for  the  entire  animal. 

The  extremities,  which  usually  appear  to  be  about  equal  in 
length  as  seen  from  the  exterior  of  the  wood,  are  yellowish  or  white 
in  tint,  but  are  sometimes  speckled  with  reddish  brown.  The  longer 
or  incurrent  extremity  can  be  pushed  out  to  a  distance  of  2  ins.  or 
more,  while  the  outcurrent  throat  remains  at  about  half  that  distance. 

The  teredo  is  able  to  expand  or  contract  these  extremities  at  will, 
and  when  the  conditions  are  favorable,  they  are  extended  through  the 
orifice  to  their  full  length,  and  remain  stationary  or  wave  slowly  back- 
ward and  forward.  The  motion  is  sometimes  confined  to  the  extreme 
ends,  while  the  greater  portion  of  the  extended  extremity  remains 
stationary.  When  the  animal  is  alarmed,  the  syphons  are  withdi'awn 
and  pass  down  between  the  pallets  into  the  tunnel;  the  pallets  close 
over  them  and  protect  them  from  harm.  The  syphons  are  erected 
by  means  of  a  current  of  blood  sent  into  them  from  the  vessels  within. 
When  the  water  is  warm,  the  animal  is  active  and  the  syphons  are  ex- 
'tended  out  full  length.  They  are  withdrawn  when  the  water  be- 
comes cold,  and  the  teredo  is  entirely  hidden.  Plate  XIII  shows  the 
syphons  fully  extended  as  they  appeared  after  several  consecutive  days 
of  warm  weather.  The  extremities  of  the  syphons  must  always  be 
iept  at  the  orifice  of  the  wood.     As  the  animal  grows,  the  muscular 
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Lining  Shell,  Kuplics  Gigantea,  41  Ins.  from  Entrance. 


Fig.  3.— Barnacle. 
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Pallets. 
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Fig.  4. 
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collar  and  the  pallets  recede  from  the  entrance,  so  as  to  permit  the 
extremities  of  the  syphons  to  remain  there. 

The  Pallets. — The  two  shelly  plates  near  the  orifice  are  called  pal- 
lets (Fig.  5,  Plate  XWj.  They  are  broad  and  flattened  at  the  top  and 
concentrated  at  the  base.  These  long  slender  basal  columns  are  con- 
nected with  the  muscles  of  the  collar  so  that  the  pallets  may  be  relaxed 
or  contracted  at  will.  They  relax  when  the  syphon  extremities  pass 
out  between  the  crescents  or  horns,  which  will  be  seen  at  the  top  of  the 
shells,  and  contract  when  the  syphons  are  withdrawn.  The  pallets  are 
then  folded  over  so  as  to  serve  as  an  operculum  to  protect  the  soft 
tubes  from  enemies.  The  Xylotrya  Fimbriata  differs  from  the  ordi- 
nary variety  in  that  its  pallets  are  long  and  oar-shaped.  The  stalk  is 
slender,  the  blade  is  flattened 
on  the  inside  and  is  convex 
externally.  It  consists  of  ten 
or  twelve  funnel-shaped  seg- 
ments set  into  one  another, 
and  having  their  margins  jsro- 
jecting  at  the  sides,  so  that 
the  edges  of  the  blade  appear 
serrated. 

The  Boring  Shell— The  bor- 
ing shell,  which  is  nearly  as 
long  as  it  is  broad,  presents 
an  irregularly  triangular  ap- 
jjearance  when  observed  from 
the  side.  It  may  be  best  seen  in  Figs.  1  and  2.  The  two  halves  close 
tightly  at  the  hinge  and  at  the  side  opposite  the  hinge;  the  open  space 
at  the  toi>  being  toward  the  main  bulk  of  the  animal,  and  the  opening 
toward  the  extremity  of  the  tunnel  permitting  the  emergence  of  the  foot 
or  sucker.  The  shells  of  young  animals  are  larger  in  proportion  than 
those  of  old  animals,  as  shown  in  Fig.  4,  Plate  XIV.  When  the  animal 
is  very  young,  it  is  for  a  short  time  entirely  enclosed  in  the  shell. 

The  Foot. — The  foot,  which  in  form  resembles  a  j)estle,  is  a  short, 
stout,  muscular  organ,  broadly  truncated  or  rounded  at  the  end,  and 
so  arranged  that  it  can  exert  a  powerful  suction  upon  anything  to 
which  it  is  attached.  This  cupping  action  assists  the  shell  in  excavat- 
ing to  an  extent  which  has  probably  not  been  understood. 


Fig.  2. 
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77^6  Lining  Shell. — This  shell,  which  has  been  previously  described, 
follows  the  tunnel  until  it  finally  terminates  in  a  spherical  cap,  which 
may  be  seen  to  the  left  of  Fig.  1,  Plate  XV.  The  adult  animal 
occasionally  shrinks,  and  a  second  cap  or  partition  may  be  formed  as 
he  retreats,  the  space  between  the  caps  remaining  unoccupied. 

The  early  j^ortion  of  the  tunnel,  which  was  cut  by  the  young  animal 
and  is  now  occupied  by  the  syphon  extremities,  is  below  the  normal 
diameter.  The  lining  shell  at  this  point  sometimes  divides  itself  into 
two  tubes,  each  containing  one  of  the  syphons.  This  structure  is  well 
shown  in  Fig.  2,  Plate  XIV.  It  has  been  stated  that  the  extremities 
of  the  syphons  must  be  kept  at  the  orifice  of  the  wood.  The  collar 
and  pallets  recede  as  the  animal  grows  larger,  thus  forming  a  consid- 
erable space  between  the  pallets  and  the  orifice  of  the  tunnel,  which 
is  filled  with  little  rings  of  shell,  whose  sharp  edges  serve  to  protect 
the  entrance.  The  slender  syphons  emerging  from  the  pallets  jjass 
readily  through  the  spaces  at  the  centers  of  the  rings. 

The  teredo  can  rarely  advance  for  any  time  in  a  straight  line, 
being  forced  to  deviate  therefrom  so  as  to  i^ass  around  obstacles,  such 
as  cracks,  knots  or  the  pre-existing  tunnels  of  its  companions.  The 
tunnels  may  wind  in  and  out  and  pass  so  close  to  one  another  as  to 
occupy  almost  the  entire  content.  This  fact  is  well  illustrated  in  Fig. 
2,  Plate  XV.  The  thickness  of  the  lining  varies  with  the  species. 
It  is  sometimes  so  thin  and  fragile  that  it  becomes  detached  by  the 
slightest  shock.  Many  of  the  dried  specimens  exhibited  in  museums 
do  not  show  the  lining  shell  for  this  reason.  The  shell  is  sometimes 
very  thick.  The  specimen  shown  in  Fig  1,  Plate  XIV,  exhibits  an 
extreme  thickness  of  half  an  inch.  It  was  41  ins.  long  and  3  ins.  in 
diameter  at  the  larger  end.  This  species  exists  in  the  tropics,  and  does 
not  penetrate  wood,  but  forces  its  way  into  the  sand,  thus  resembling 
the  razor  clam.  The  shells  of  this  variety  of  teredo  sometimes  become 
covered  with  oysters  or  other  mollusks.  The  lining  presents  a  sur- 
face against  which  the  soft  body  of  the  mollusk  may  press  without 
injury.  It  seals  the  interior  of  the  cell  so  that  the  water  supply  may 
be  better  controlled  by  the  syphons. 

The  teredo  rarely  crosses  a  seam  or  joint  in  the  wood,  probably 
because  it  fears  for  the  integrity  of  the  lining.  Specimens  exhibiting 
the  attempt  of  the  teredo  to  cross  a  seam  show  that  the  shell  has  been 
much  strengthened  at  the  junction  jjoint.     When  the  teredo  arrives  at 
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maturity,  or  whenever  an  insurmountable  obstacle  is  encountered,  it 
seals  over  the  inner  extremity  of  the  lining.  The  growth  of  the  animal. 
in  length,  is  stopjied  in  either  case,  and  it  is  entirely  surrounded  by 
shell.  There  is  a  communication  with  the  outer  sea  at  the  two  syphon 
points  only,  and  as  the  animal  continues  to  live  for  some  time  under 
these  conditions  it  is  evident  that  its  sustenance  is  derived  from  other 
sources  than  the  wood. 

Vi/rd  Processes. — The  teredo  resembles  other  bivalve  mollusks  in 
that  it  exists  upon  infusorial  life.  This  food,  together  with  the  neces- 
sary amount  of  oxygen,  is  drawn  in  through  the  longer  or  incurrent 
syphon,  and  flows  throughout  the  length  of  the  animal  until  it  reaches 
the  mouth  at  the  other  extremity.  The  mouth,  stomach  and  intestine  are- 
well  developed  and  jjerform  their  usi;al  offices.  The  oxygen  is  retained 
by  the  gills.  The  return  current,  beginning  at  the  gills,  removes  the 
exhausted  water,  the  excretions  and  the  w^oody  particles.  These  flow  out 
through  the  animal  and  are  ejected  by  the  shorter  or  outcurreut 
syphon.  The  teredo  does  not  devour  wood;  its  form  is  siichthat  dust 
and  other  debris  have  to  pass  through  its  body  to  the  point  of  ejection. 
Where  a  teredo  is  watched  for  some  time,  small  clouds  of  very  fine 
dust  may  at  length  be  observed  puffed  out  from  the  orifice.  The  cir- 
culation through  the  syphons  is  continuous. 

The  teredo  may  live  for  a  short  time  out  of  water.  This  fact 
explains  its  ability  to  attack  Avood  between  high  and  low  water. 
The  specimens  which  enter  wood  where  it  is  exposed  between  the  tides 
do  not  seem  to  be  greatly  hindered  in  their  work. 

Th.  G.  Hoech,  M.  Am.  Soc.  C.  E.,  states*  that  teredos  have  been 
found  alive  in  wood  which  had  been  removed  from  the  water  for  two 
months.  The  circumstances  are  not  stated,  but  it  is  probable  that  the 
wood  was  in  bulk  and  remained  moist  in  consequence. 

Many  of  the  logs  in  a  cargo  of  Central  American  woods  recently  re- 
ceived in  New  York  City,  after  a  voyage  of  about  two  weeks,  were 
found  to  be  occupied  by  living  teredos,  which  had  gained  entrance  to 
the  wood  while  it  was  waiting  shipment  in  Southern  waters.  They 
were  alive,  strong,  apparently  healthy  and  able  to  resume  their  w'ork 
if  the  wood  should  be  again  submerged.  It  is  probable  that  consider- 
able water  was  contained  in  the  wood  and  hold  of  the  vessel,  yet  the 
logs  were  certainly  not  submerged,  and  the  fact  remains,  that  these 
particular  teredos  survived  the  voyage  and  were  so  numerous  as  to 
*  Report  on  Woods  Exempt  from  Attack  by  the  Teredo. 
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emit  a  strong,  disagreeable,  fishy  odor,  which  necessitated  the  removal 
of  the  logs  from  the  yard. 

R.  Montfort,  M.  Am.  Soc.  C.  E. ,  states  that  teredos  occupying 
standing  piles  were  killed  when  these  piles  were  encircled  by  loose 
iron  jackets.*  The  teredos  were  in  nowise  injured  by  the  jackets  and 
the  presumption  is  that  the  jackets  were  forced  into  the  mud  and  that 
the  teredos  were  destroyed  by  the  muddy  water.  Where  infected  ves- 
sels are  subjected  to  fresh  water,  the  teredos  usually  live  for  about  two 
weeks,  so  far  as  known. 

When  sjjecimens  of  wood  containing  teredos  are  removed  from  sea 
water,  the  syphons  relax  after  the  vitality  of  the  animal  is  gone.  If 
the  specimen  be  held  upside  down,  the  syphons  then  fall  outward  to  a 
distance  of  1  in.  or  more,  according  to  the  size  of  the  animal  within. 

The  Boring  Apparatus. — While  the  animal  is  still  very  small,  it 
settles  upon  the  surface  of  the  wood  and  almost  immediately  begins 
to  clear  away  a  place  in  which  to  burrow\  A  small  pit  is  made  by  the 
edges  of  the  valves  of  the  shell,  which  come  together  on  pivots  shown 
in  Fig.  2.  The  shells  are  controlled  by  powerful  muscles  acting  so 
as  to  swing  them  backward  and  forward  upon  the  i)ivots.  Only  a  few  of 
the  teeth  upon  the  shell  are  shown  in  Fig.  2,  and  these  are  exaggerated 
in  size.  When  the  posterior  muscle  contracts,  the  shell,  with  the  teeth, 
is  thrown  outward  and  backward  and  rasps  upon  the  surfaces  of  the 
wood.  The  process  is  assisted  by  the  foot  which  emerges  through  the 
large  blank  space  between  the  shells  and  performs  a  cupping  action. 

The  teredo  differs  from  many  of  the  pholos  tribe.  It  probably 
employs  the  inflated  syphons  and  pallets  to  some  unknown  extent  as  a 
fulcrum.  The  lower  portion  of  the  animal  has  a  large  field  of  rota- 
tion, so  that  the  various  portions  of  the  anterior  end  of  the  burrow  can 
be  grated  away  in  turn.  The  large  end  of  the  burrow  is,  of  course, 
slightly  larger  than  the  diameter  of  the  shell.  The  jDrincipal  work  of 
excavation  is  accomplished  by  the  shell.  Many  of  the  stone-borers, 
on  the  other  hand,  brace  themselves  by  means  of  the  shell  which  they 
open  against  the  walls  of  their  burrow  and  hold  there  as  a  fulcrum. 
The  muscular  foot  emerges  from  the  shell,  and,  assisted  by  the  grit  of 
previous  borings,  grinds  at  the  stone.  The  wood-borers,  so  far  as 
inown,  excavate  with  the  shell,  assisted  by  the  foot.  Xylophaga  and 
teredina  probably  bore  like  the  teredos. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxi,  p.  227. 
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Fig.  I.— Surface  of  Wood  occupied  by  Teredos.    Life  Size. 


Fig.  3.— Section  parallel  to  pace  of  Fig.  1.    Life  Size. 


Fig.  3.— Vertical  Section  through  Figs.  1  and  2.    Life  Size. 
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The  Character  of  the  Excavation. — The  teredo  is  very  small  -when  it 
begins  to  attack  the  wood,  and  the  hole  by  which  entrance  is  made, 
which  is  the  only  perforation  that  appears  upon  the  exterior,  is  very 
minute  (see  Fig.  1,  Plate  XVI).     The  animal  develops  very  rapidly. 

The  adult  diameter  is  usually  attained  within  1  or  2  ins.  of  the  sur- 
face, and  the  burrow  increases  in  diameter  regularly  from  the  point  of 
entrance  to  the  maximum  diameter.  The  animal  grows  jirincipally  in 
the  direction  of  length,  and  therefore,  it  attacks  the  wood  so  as  to  ac- 
commodate its  quarters  to  this  increase  in  length.  The  boring  is  first 
carried  on  across  the  grain,  but  ordinarily  turns  within  a  short  distance 
and  i^asses  in  the  direction  of  the  grain.  This  general  direction  is 
usually  followed,  but  obstacles  are  so  frequently  encountered  that  the 
tunnels  become  exceedingly  tortuous,  and  pass  in  every  conceivable 
direction. 

The  teredo  usually  passes  around  knots,  although  qxiite  competent 
to  penetrate  knots  of  oak  and  other  hard  woods.  Adjoining  tunnels 
are  not  encroached  upon,  because  these  tunnels  are  completely  occu- 
pied by  live  teredos,  and  more  ingenuity  would  be  required  to  pass 
through  one  of  them  than  to  avoid  it.  When  cracks  exist  in  the  cen- 
ters of  large  timbers,  they  are  apj^roached  from  all  sides,  but  the  film 
is  never  willingly  broken  through.  It  may  be  assumed  that  the  teredo 
does  not  desire  to  cross  any  crack  or  sign  of  cleavage.  It  jDrefers  wood 
that  is  not  surrounded  by  bark,  because  of  the  line  of  contact  between 
the  wood  and  the  bark.  When  a  piece  of  wood  is  thoroughly  infested, 
the  animals  have  to  pass  very  close  to  one  another,  and  the  thin  film  of 
wood  left  between  the  adjacent  tunnels  is  reinforced  by  the  calcareous 
lining.  E.  L.  Corthell,  M.  Am.  Soc.  C.  E.,  states  that  the  teredos 
pass  through  the  willows  of  the  Mississii^iji  improvements  so  as  to 
leave  them  a  mass  of  nearly  parallel  tubes.  The  calcareous  lining 
appears  to  lend  some  degree  of  strength  and  toughness  to  the  wood 
thus  weakened. 

A  fact  which  is  of  great  imjjortance  is  that  the  teredo  must  always 
command  the  opening  of  its  biirrow,  and  have  free  and  permanent 
access  to  the  water.  One  end  of  the  teredo  being  thus  fastened  at  the 
outside  of  the  wood,  the  depth  of  penetration  must  be  limited  to  the 
length  of  the  animal.  It  cannot  exist  in  the  interior  of  woodwork, 
nor  can  it  live  or  breed  without  actual  contact  with  free  water.  A 
report   that  a  teredo  had  been  found  in  the  interior  of  one  of  the 
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caissons  of  the  Brooklyn  Bridge  was  the  cause  of  much  popular  and 
unwarranted  excitement  at  the  time  of  the  erection  of  that  structure. 

It  is  impossible  to  examine  the  work  of  the  teredo  without  sur- 
prise at  the  smooth  surface  of  the  burrow,  which  is  cut  as  perfectly 
as  by  the  sharpest  chisel.  In  still  weather  the  teredo  may  be  plainly 
heard  while  at  work.  More  than  50%  of  the  weight  of  the  wood  may 
be  removed  by  the  teredo,  without  being  greatly  evidenced  upon  the 
surface.  The  little  holes  by  which  the  animal  gains  entrance  become 
partially  obliterated  when  it  dies.  Wood  may  appear  to  be  quite  sound 
and  yet  be  so  weakened  that  much  of  it  can  be  crushed  by  the  hand  (see 
Plate  XVII).  Failure,  therefore,  frequently  comes  suddenly.  The 
tops  of  piles  which  appear  to  be  m  good  condition  are  suddenly  seen 
floating  away.  A  large  wharf  at  Provincetown,  Cape  Cod,  unexpectedly 
collajased  by  reason  of  the  teredo.  A  freight  train  on  the  Louisville 
and  Nashville  Eailroad  crushed  through  a  trestle  which  had  been 
standing  but  ten  months,  and  had  been  constantly  inspected  without 
showing  signs  of  weakness.  An  examination  showed  that  the  piles  in 
this  instance  had  been  eaten  off  close  to  the  mud  line. 

Plate  XVII  is  from  a  jahotograph  of  a  log  of  Panama  mahogany, 
which  was  cut  in  the  uplands  of  the  Isthmus  and  floated  through 
fresh  water  to  the  harbor  of  Colon,  where  it  remained  floating  in  salt 
water  while  awaiting  shipment.  The  log  was  overlooked  for  one 
season,  and  the  work  of  the  teredo  is  thought  to  have  been  accom- 
plished in  about  nine  months.  The  heavy,  wet  specimen  was  shipi^ed 
with  others,  under  the  impression  that  it  was  sound,  but  it  broke  by 
its  own  weight  after  its  arrival  in  New  York. 

The  Size  of  the  Ten'edo. — The  size  of  the  teredo  depends  upon  the 
species,  locality  and  age,  and  the  absence  of  obstacles  to  excavation. 
Specimens  of  wood  submitted  for  examination  are  frequently  divested 
of  any  signs  by  which  the  excavators  can  be  classified.  The  excava- 
tion can  be  identified  as  the  work  of  the  teredo,  but  the  exact  sj^ecies 
accountable  for  the  work  cannot  always  be  told. 

Locality  has  much  to  do  with  develojament.  Specimens  grow  more 
rapidly  and  attain  larger  size  where  the  climate  is  warm.  The  teredo 
continues  to  grow  until  it  reaches  its  maximum  size,  unless  an  obstacle 
is  encountered.  The  species  Navalis  may  be  assumed  to  average  from 
about  one-fourth  to  three-eighths  of  an  inch  in  diameter  and  from  about 
10  to  15  ins.  in  length,  but  si^ecimens  of  the  teredo  frequently  attain  a 
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inucli  greater  size.  Professor  Siegerfoos  writes  that  lie  has  measured 
them  up  to  4  ft.  in  length  and  that  the  specimens  thus  measured  had 
not  arrived  at  their  full  limits.  A  log  about  21  ft.  square,  recently  ex- 
amined, "svas  foimd  to  be  entirely  honeycombed,  the  borings  starting 
from  opposite  sides  and  passing  slantingly  into  the  wood,  so  that 
they  probably  averaged  over  2  ft.  in  length.  The  specimen  was  of 
particular  interest  because  the  destruction  had  been  accomplished  in 
a  single  season. 

The  minimum  diameter  and  length  of  a  boring  may  be  taken  as  ^ 
in.  and  5  ins.  respectively.  The  maximum  length  may  be  taken  as  4 
ft.  The  largest  diameter  ever  noticed  by  the  author  measured  1}  ins. ; 
this  is  shown  on  Plate  XYIII.  After  the  teredo  has  penetrated  the 
wood  for  a  little  distance,  the  diameter  remains  about  constant.  Dia- 
meters are  measured  in  this  portion  of  the  burrow  and  not  at  the 
entrance. 

The  Range  or  Field  of  Work. — The  teredo  operates  throughout  a 
vertical  field  of  considerable  depth.  This  field  begins  at  a  point  a 
little  above  low-water  mark,  and  extends  downward  until  the  pressure 
becomes  too  great,  or  the  soil  at  the  bottom  is  encountered.  The 
teredo  seems  to  be  able  to  exist  for  a  little  time  without  submergence, 
and  is  therefore  able  to  live  above  the  low- water  mark,  although  exposed 
daily  between  the  tides.  The  interior  extremity  of  the  tunnel  may 
be  higher  up  than  the  entrnnce.  The  ujaper  limit  of  the  excava- 
ted wood  cannot  be  determined  by  an  examination  of  the  orifices  at 
the  surface.  The  lower  limit  is  uncertain  and  is  probably  different 
for  difierent  species.  It  has  been  assumed  by  many  that  the  lower 
limit  could  be  set  at  about  14  ft.  below  low  Avater,  but  recent  in- 
formation, thought  to  be  reliable,  indicates  that  piles  have  been 
affected  at  a  depth  of  from  20  to  25  ft.  below  that  level.  The  fact 
that  the  interior  extremity  of  the  burrow  is  often  found  below  the 
mud  line  has  given  the  impression  that  the  field  of  the  animal  may 
extend  below  this  limit,  but  the  outside  opening  or  entrance  made  by 
the  teredo  is  never  below  the  soil,  although  the  boring  may  turn 
downward  for  the  whole  length  of  the  animal.  If  sediment  accumu- 
lates around  the  bottom  of  the  wood  so  as  to  cover  the  syphons,  the 
death  of  the  teredo  results. 

It  is  reported  that  in  some  harbors  the  teredos  attack  at  the  sur- 
face, and  in  others  at  the  mud  line.     These  differences  are  ijartially 
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due  to  diflferences  in  the  constituents  of  the  upjaer  and  lower  layers  of 
water.  Where  the  fresh  water  of  a  river  meets  the  heavy  water  of  a 
sea,  the  teredo  may  be  almost  entirely  confined  to  the  lower  stratum. 
The  range  or  field  of  the  teredo  is  important,  because  protective  pro- 
cesses which  could  be  confined  to  this  field  would  be  more  economical 
than  those  in  common  use  which  are  applied  to  the  entire  structure. 

The  Rapiditif  of  the  Work. — The  rapidity  of  the  work  of  the  teredo 
depends  upon  conditions  similar  to  those  which  govern  its  size.  The 
evidence  upon  this  subject  is  not  always  accompanied  by  a  statement 
of  the  conditions  under  which  the  results  were  accomi^lished,  such  as 
the  species  of  teredo,  the  character  of  the  wood,  the  season,  the 
climate  and  the  depth  of  submergence,  all  of  which  are  points  as  im- 
portant as  the  geographical  location  of  the  work.  The  period  in 
which  the  teredo  accomplishes  its  work  is  variable.  It  may  be  six 
weeks  or  as  many  years,  but  rapid  work  is  usually  accomplished  under 
the  conditions  which  exist  in  warm  climates. 

Impure  water  and  cold  weather  retard  its  activity,  while  pure  or 
warm  water  expedites  the  work.  Maximum  probabilities  being  more 
important  than  minimum  possibilities,  it  is  safe  to  assume  that  a  6-in. 
boring  may  be  driven  in  six  weeks,  and  hence,  as  the  animal  attacks 
all  sides,  a  pile  1  ft.  thick  may  be  destroyed  in  that  period. 

A  young  teredo  has  been  found  in  wood  which  has  been  submerged 
for  eight  days".  Six-inch  piles  have  been  destroyed  at  Aransas  Pass 
in  six  weeks '',  while  other  piles  in  the  same  locality  have  lasted  for 
three  or  four  months'".  "Piles  have  been  rendered  useless  by  a  sub- 
mergence of  one  hundred  days  in  Mobile  Bay."  On  the  Louisville 
and  Nashville  Eailroad  piles  12  x  15  ins.  frequently  have  to  be  re- 
placed after  six  months'  service ''.  Unpainted  spar  buoys  have  a  life  of 
about  one  year  in  the  vicinity  of  Cape  Cod  ^  Piles  have  been  de- 
stroyed in  the  harbor  of  Galveston  in  three  years-'^.  They  have  lasted 
twelve  years  in  the  Delaware  Breakwater  Harbor''. 

Reprodudion  and  Development. — Mollusks  produce  their  young  by 
means   of  eggs.     Those  of  the  teredo   are   si^herical  in   shaj^e  and 
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greenish  yellow  in  color.  The  animal  is  exceedingly  prolific ;  the 
eggs  of  a  single  specimen  being  probably  numbered  by  the  million. 
The  eggs  are  first  deposited  in  the  gill  cavity,  and  are  almost  at  once 
fertilized.  They  are  free-swimming  at  the  end  of  three  hours,  have  a 
well-developed  shell  before  the  end  of  the  day,  are  very  hardy,  and 
all  seem  to  be  fertilized  and  to  develop. 

The  embryo  passes  through  several  interesting  stages  before  it  as- 
sumes the  character  and  form  of  the  adult.  It  is  first  covered  by 
fine  hairs  or  cilia,  which  enable  it  to  swim.  These  are  soon  lost, 
and  the  rudiments  of  a  small  bivalve  shell  appear,  which  is  at  first 
heart-shaped  and  very  small,  yet  large  enough  to  enclose  the  entire 
animal.  The  portion  of  the  body  which  protrudes  from  the  shell  is 
fringed  with  cilia.  These,  again,  constitute  swimming  organs,  and  the 
teredo  swims  actively  until  a  piece  of  wood  is  encountered.  The  shell 
has  now  become  rounder,  and  organs  of  sight  and  hearing  have  been 
develojjed.  The  appearance  of  these  organs  marks  a  climax  in  the 
life  of  the  young  animal,  and  it  begins  to  elongate.  The  locomotive 
cilia  disappear,  the  eyes  are  lost,  and  the  mature  form  is  gradually 
assumed.  The  life  of  the  larvte  is  about  four  weeks,  during  all  of 
which  time  they  are  free  swimmei's.  If  the  animal  has  become  attached 
to  wood,  however,  its  energies  may  be  expended  thereon.  The  life  of 
a  specimen  which  has  not  found  any  wood  to  attack  has  not  been  de- 
termined, but  is  probably  quite  short. 

The  results  of  some  observations  by  Professor  Siegerfoos  upon  the 
Xylotrya  Fimbriata  at  Beaufort  are  thus  summarized :  * 

"  The  free-swimming  stage  is  reached  in  three  hours,  and  a  well- 
developed  shell  is  formed  in  a  day.  We  have  no  direct  observations 
as  to  the  time  the  ship  larva  is  free-swimming.  We  may  assume,  I 
think,  that  it  is  at  least  a  month,  or  it  may  be  two.  Most  of  its 
energies  are  devoted  to  locomotion  du.ring  this  period,  but,  after  it 
has  attached  itself,  all  of  its  energies  are  devoted  to  forming  its 
burrow  and  securing  its  food.  Coming  in  contact  with  the  wood,  the 
larva  throws  out  a  single,  long  byssus  thread  for  attachment  and 
never  again  leaves  its  place.  The  newly  attached  larva  is  somewhat 
less  than  .25  mm.  long.  In  twelve  days,  it  has  attained  a  length  of  3 
mm.  In  sixteen  days,  6  mm.  In  twenty  days,  11  mm.  In  thirty 
days,  63  mm.  In  thirty-six  days,  about  100  mm.,  when  it  bears  ripe 
eggs  or  sperm. " 

The  extreme  life  limit  of  the  teredo  is  unknown,  but  it  is  thought 
that  under  favorable  conditions  the  animal  may  live  for  several  years. 
*  Johns  Hopkins  Circular,  1896. 
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In  the  vicinity  of  New  York  the  processes  of  reproduction  take  place 
for  the  most  part  in  May.  They  are  not  entirely  confined  to  that 
month,  however,  but  may  extend  throughout  a  greater  part  of  the 
summer.  Reproduction  m  tropical  countries  is  j^robably  extended 
throughout  the  entire  year.  The  animal  may  develop  to  a  very  large 
size,  and  may  possibly  attain  maturity  in  a  single  season. 

The  Effect  of  Climate,  Temperature  or  Water. — The  Teredo  Navalis 
thrives  best  under  the  influence  of  heat,  but,  notwithstanding  this 
fact,  it  can  resist  cold  to  a  considerable  degree.  It  is  not  active 
when  subjected  to  low  temperatures,  yet  it  can  endure  them.  Some 
si)ecies  of  the  teredo  have  been  reported  as  far  north  as  Eastport,  Me., 
and  they  exist  abundantly  under  such  conditions  as  obtain  at  Cape 
Cod.  Destruction  is  not  carried  on  as  continuously  or  as  rapidly  in 
cold  climates  as  in  warmer  ones,  and  for  this  reason  maximum  results 
are  seen  along  the  South  Atlantic  and  Gulf  States  and  on  the  Pacific 
Coast,  where  the  conditions  are  more  favorable,  and  where  reproduc- 
tion is  continued  during  a  longer  period. 

The  syphons  of  the  specimens  observed  by  the  author  contracted 
when  the  water  became  cold.  Only  the  extremities  could  be  seen  when 
the  temperature  was  about  45  degrees.  The  syphons  expanded  as  the 
water  became  warmer,  and  were  fully  extended  after  several  days  of 
continued  warm  weather.  The  incurrent  tube  was  stretched  out  in 
one  instance  to  a  distance  of  nearly  2  ins.  The  photograph  (Plate 
Xni)  was  taken  at  this  period.  It  is  supjiosed  that  the  work  of 
excavation  is  not  as  active  when  the  syphons  are  withdrawn. 

The  purity  of  the  water  should  be  considered  in  connection  with 
the  work  of  the  teredo.  Some  species  inhabit  jiure  sea  water;  some 
prefer  brackish  water;  others  abound  in  waters  that  are  muddy,  while 
others  again  live  only  in  waters  that  are  clear  and  pure.*  The  teredo 
is  often  present  in  certain  waters,  yet  absent  in  others  nearly  adjacent. 
This  is  iisually  due  to  some  difference  in  the  water.  The  Xylotrya 
Fimbriata  seems  to  be  able  to  survive  the  brackish,  impure  water  of 
the  inner  New  York  Harbor,  while  other  species  could  not  live  there, 
though  they  are  present  in  the  nearby  outer  ocean.  The  teredo  is  very 
active  on  the  North  Pacific  Coast,  yet  is  absent  near  the  mouth  of  the 
Columbia,   where   the   ocean  is   influenced  by  the  outflow  from  the 

river.  

*  Percival  Wright  describes  a  Jjind  of  "  ship  worm  "  called  Nausitora  Dunlojiei  found 
in  India,  70  miles  from  the  sea,  in  perfectly  fresh  water. 
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An  interesting  incident  is  reported  by  a  reiJutable  firm  in  New  York 
City.  A  vessel  carrying  hard-wood  logs  was  wrecked  in  the  vicinity 
of  the  Gulf  of  Mexico  on  a  sandy  beach  sej^arating  the  ocean  from  a 
rivei-.  The  logs  were  thrown  into  the  ocean,  and  were  afterw'ard 
beached  and  conveyed  over  the  sand  to  the  sheltered  water  of  the 
river,  where  they  remained  about  six  Aveeks.  The  w^ood  was  rapidly 
affected  as  soon  as  it  reached  the  brackish  water  of  the  river,  the  re- 
sults being  so  noticeable  that  some  of  the  borings  were  measured,  and 
are  said  to  have  averaged  6  ins.  in  length.  The  wood  which  remained 
in  the  outer  water  was  not  injured. 

It  is  stated  that  the  Russians  once  built  a  large  dock  in  the  harbor 
of  Sebastopol,  and  surrounded  it  with  fresh  water  in  the  hope  that  it 
would  be  thus  protected  from  the  mollusks  which  infected  the  harbor; 
but  it  was  found  that  the  teredo  destroyed  the  wood  as  rapidly  as 
when  it  was  submerged  in  salt  water.  The  discrepancy  indicated  by 
these  incidents  may  be  accounted  for  by  the  difference  in  the  species. 
The  teredo  which  avoids  the  brackish  water  at  the  mouth  of  the  Colum- 
bia differs  from  that  which  prefers  it  in  the  harbor  of  Sebastopol  or  in 
the  river  near  the  Gulf  of  Mexico. 

The  effect  of  the  condition  of  the  water  upon  the  teredo  is  inter- 
esting. The  opinion  that  the  periods  of  unusual  prevalence  in  Hol- 
land were  in  some  way  connected  with  a  change  in  the  quality  of 
the  water  was  expressed  as  early  as  1733,  and  since  that  time  has  fre- 
quently been  endorsed  by  Dutch  engineers.  Dr.  von  Baumhauer, 
Holland  Commissioner  to  the  Centennial  Exposition  has  called  atten- 
tion to  the  fact  that  but  little  rain  fell  in  the  years  when  the  teredo 
was  so  unusually  jjrevalent,  hence  the  smaller  volumes  of  river  water 
were  thought  to  have  permitted  larger  proportions  of  salt  to  reach  the 
coast.  This  theory  is  strengthened  by  the  fact  that  analyses  showed 
a  variation  in  the  proportion  of  salt  during  dry  and  rainy  seasons. 

The  Distribution  of  the  Tei-edo.  —  The  Teredo  Navalis  has  been  identi- 
fied as  existing  in  the  United  States  between  Florida  and  Cape  Cod, 
and  in  Europe,  from  Sweden  to  Sicily.  The  Te)-eclo  Norvegica  has  been 
found  from  Cape  Cod  northward  to  the  coast  of  Maine.  The  Teredo 
MegoUira  has  been  found  in  floating  i^ine  wood  at  Newport,  R.  I.,  and 
in  cedar  buoys,  etc.,  at  New  Bedford,  Mass.  It  has  been  found  south 
as  far  as  the  coast  of  South  Carolina.  The  Teredo  Dilatata  occurs  from 
Massachusetts  Bay    to   South  Carolina.       The    Teredo  Thompsoni  has 
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been  found  at  Cape  Cod,  Mass.  The  Xylophaga  Dorsalis  inhabits  the 
waters  of  the  North  Atlantic.  The  Xylotrya  Fhnhriata  is  found  along 
the  Atlantic  Coast  from  Long  Island  Sound  to  Florida.  It  also 
abounds  in  the  waters  of  the  North  Pacific,  and  is  one  of  the  European 
forms. 

Different  species  of  the  teredo  are  notably  present  in  such  locali- 
ties as  the  Bermudas,  Jamaica,  New  Zealand  and  Australia.  The 
teredo,  as  a  rule,  may  be  generally  found  in  the  Tropics,  and  is  hardly 
less  numerous  in  many  of  the  northern  Avaters. 

Woods  Affected  by  the  Teredo. — All  varieties  of  wood  commonly  used 
in  construction  are  subject  to  attack  when  exposed  to  the  teredo.  Im- 
munity is  occasionally  claimed  for  some  particular  wood,  but  it  will 
generally  be  found  that  the  claims  have  been  based  upon  local  condi- 
tions and  are  not  fully  substantiated. 

The  only  woods  about  which  any  doubt  may  be  felt  are  those 
which  contain  some  gum  or  bitter  essence  and  those  which  have  a 
porous  structure  ;  and  of  these  the  majority  are  not  well  known  to 
American  constructors.  Some  of  them  undoubtedly  possess  merit  as 
far  as  they  have  been  tested,  but  others  may  be  regarded  as  open  to 
doubt,  and  it  is  an  error  on  the  safe  side  to  assume  that  none  are  ex- 
empt under  all  conditions.  A  wood  about  which  less  doubt  may  be 
felt  than  any  others  is  the  Australian  Jarrah.  This  is  a  variety  of 
Eucalyptus  which  is  much  relied  upon  in  Australia,  but  it  is  under- 
stood that  it  has  failed  in  Ceylon,  New  Zealand  and  elsewhere.  It  is 
very  possible,  however,  that  the  wood  used  at  the  works  in  question 
was  not  the  Jarrah. 

Karri  wood  is  another  form  of  Eucalyptus,  the  history  of  which  is 
much  less  certain  than  that  of  the  Jarrah,  with  which  it  is  often  con- 
fused. Both  varieties  are  now  being  extensively  introduced  into 
Europe  for  street-paving  purposes.  It  has  often  been  held  that  Teak 
wood  is  exempt,  but  the  evidence  is  against  it,  as  Teak  wood  logs 
affected  by  the  teredo  have  been  received  in  New  York  City  within  a 
comparatively  recent  time. 

The  following  list  of  partially  exempt  woods  has  been  compiled  by 

Mr.  T.  A.    Britton  from  authorities  which  are  said  to  be  reliable:* 

(Western  Australia)  Jarrah,  Beef  wood  and  Tooart;  (Bahama)  Sto^jper- 

wood;    (Brazil)    Sicupira,    Greenheart;  (India)  Malabar  Teak.,  Sisso, 

*  Treatise,  "  Dry  Rot  in  Timber,"  p.  223 
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May-Tobek;  (South  America)  Santa  Maria  Wood;  (Tasmania)  Blue 
Gum;  and  (West  Indies)  Ligniim  Vitae. 

It  is  not  urged  that  these  are  entirely  exempt,  but  that  they  have 
been  exempt  for  long  periods.  Very  few  of  them  are  widely  known  in 
construction.  It  is  understood  that  at  Southampton  some  greeuheart 
25iles  have  failed  recently. 

A  commission,  appointed  in  Holland  to  investigate  this  question, 
decided  that — 

"  Although  we  do  not  know  with  any  certainty  if  among  the  exotic 
woods  there  may  not  be  found  those  which  resist  the  teredo,  we  can 
affirm  that  hardness  is  not  an  obstacle  that  prevents  that  mollusk  from 
perforating  his  galleries." 

This  conclusion  is  well  borne  out  by  the  experience  with  the  Iron 
Bark  tree,  the  Eucalyptus  Lencoxylon,  of  Australia.  This  wood  has  a 
very  great  tensile  strength,  and  the  crushing  strength  is  said  to  be 
"nearly  one-fourth  that  of  iron."  The  wood  is  certainly  very  hard, 
and  yet  the  teredo  is  by  no  means  repelled  by  it. 

The  Eucalyptus  Globulus,  or  Blue  Gum,  has  been  successfully  in- 
troduced into  the  United  States,  and  is  grown  in  California  and 
Florida.  Some  hopes  have  been  expressed  that  this  wood  might  be 
useful  for  marine  purposes,  but  they  have  not  been  realized.  Cedar 
has  repelled  the  teredo  for  some  little  time  in  the  harbor  of  San 
Francisco,  and  it  is  stated  that  some  species  of  the  Black  Mangrove 
in  Jamaica  are  exemj)t. 

The  Osage  Orange,  or  Bodark,  has  been  used  to  some  extent  in  the 
Gulf  States.  It  is  understood  that  this  wood  is  relied  upon  principally 
because  it  is  hard. 

A  much  greater  reliance  may  be  placed  upon  structure  than  upon 
the  presence  of  foreign  substances.  The  teredo  desires  a  compact 
wood  for  its  abode,  and  does  not  like  cracks  or  loose  structure. 
Endogenous  trees,  palms,  for  instance,  are  probably  exempt  to  a  greater 
or  less  extent.  The  wood  of  the  latter  consists  of  a  mass  of  thick  fibers 
so  independent  of  one  another  that  brushes  can  be  made  by  rubbing  one 
end  of  a  stick  until  the  fibers  become  detached  and  appear  like  bristles. 
Considerable  reliance  may  be  placed  upon  the  Cocoa  Palm  of  Mexico, 
the  King  Palm  of  Cuba,  and  the  Cabbage  Palm  or  Palmetto  of  Florida. 

It  may  be  assumed  that  the  conditions  of  impregnation  or  structure 
necessary  to  repel  the  teredo  do  not  exist  naturally  in  such  woods  as 
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are  commonly  used  in  engineering  works.  It  may  also  be  assumed,  so 
far  as  known  at  present,  that  jjartial  or  complete  immunity,  asaj^plied 
to  such  woods  as  are  in  common  use,  is  a  question  of  locality  rather 
than  of  varietv  of  wood. 


The  Limnokia  Lignorum,  White. 

This  small  crustacean  has  several  names,  as  the  Limnoria  Tere- 
brans, the  Gribble  and  the  Boring  Gribble.  The  limnoria  has  not 
been  studied  for  so  long  a  period  as  the  teredo.  It  was  first  noticed 
by  Robert  Stevenson  in  1810,  and  was  examined  by  Dr.  Leach,  who  one 
year  later  pronounced  it  a  new  species.  It  has  been  investigated 
since  that  time  by  numerous  European  writers,  and,  in  the  United 
States,  it  has  been  studied  by  Dr.  Verrill,  of  Yale  University,  and  Dr. 
Sidney  I.  Smith,  of  the  United  States  Fish  Commission. 

The  limnoria  is  gregarious  and  is  found,  if  at  all,  in  large  quanti- 
ties. It  is  much  smaller  than  the  teredo,  but  it  exists  in  greater  num- 
bers. It  has  been  traced  from 
New  York  northward  to  the  Bay  of 
Fundy,  and  large  numbers  exist  in 
the  North  Pacific  Ocean.  It  is  a 
very  familiar  and  destructive  form 
of  life  in  Europe.  If  the  destruc- 
tion accomplished  by  the  limnoria 
could  be  estimated  it  would  be 
found  to  be  surprisingly  great. 

Descriptive. — The  limnoria  (Fig.-  3)  is  about  as  large  as  a  grain  of  rice. 
The  body  is  flat,  round  at  each  end,  and  consists  of  fourteen  segments. 
The  sides  are  nearly  straight  and  are  parallel  to  one  another.  To 
each  of  the  seven  segments  which  follow  the  head  is  attached  a  pair 
of  short,  stout  legs  terminating  in  claws,  the  shape  of  which  sug- 
gests the  small  claws  of  the  lobster.  The  upper  surface  of  the  body 
is  covered  with  small  hairs  to  which  more  or  less  dirt  usually  adheres. 
The  body  is  grayish  in  color,  and  sometimes  resembles  the  color  of  the 
wet  wood  so  much  that  it  is  difficvilt  to  distinguish  it.  The  limnoria 
can  swim,  creep  backward  and  forward,  as  well  as  jump  backward  by 
means  of  its  tail.  When  touched,  it  rolls  itself  into  a  ball,  and  in 
this  particular,  as  well  as  in  general  appearance,  it  resembles  the  com- 
mon sow  bug. 


Fig.  3. 
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Pile  from  Puget  Sound,  showing  work  of  Limnoria.    Life   Size. 
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Vital  Processes. — The  limnoria  difi'ers  from  the  teredo  in  that  it  is  a 
vegetarian.  The  teredo  is  sustained  by  infusorial  life,  but  the 
limnoria  devours  wood.     Its  tunnel  affords  both  food  and  shelter. 

Boring  Apparatus. — The  limnoria  attacks  the  wood  by  means  of 
its  mandibles  or  claws.  It  prefers  wet  wood  and  succeeds  in  making 
a  very  clean-cut  excavation. 

Character  of  the  Excavation. — The  work  of  the  limnoria  differs  from 
that  of  the  teredo  in  that  it  works  ixpon  the  siirface  of  the  wood  in 
such  a  manner  as  to  be  clearly  seen,  while  the  work  of  the  teredo  is 
usually  concealed  until  the  failure  of  the  wood.  The  limnoria  is  simi- 
lar to  the  teredo  in  that  its  tunnel  miist  communicate  directly  with 
the  salt  water;  hence  neither  of  these  animals  can  live  in  the  interior 
of  thick  woodwork,  such  as  that  of  a  caisson.  The  limnoria  makes  a 
small,  round,  parallel-sided  tuunel  through  which  it  can  pass  freely 
back  and  forth  from  the  sea.  The  diameter  of  the  entrance  of  the 
unnel  is  similar  to  the  average  diameter.  The  tunnels  ax'e  quite 
^  hort,  and  are  placed  very  close  together  (see  Plate  XIX).  They  are 
so  nvimerous  that  the  wood  is  rapidly  reduced  to  a  series  of  very  thin 
l>artitions,  which  soon  decay  or  are  washed  away  by  the  waves,  thus 
(  ^posing  a  fresh  surface  which  is  at  once  attacked.  Layer  after  layer 
is  thus  rapidly  removed,  so  that  the  timber  is  destroyed  in  a  very  few 
years.  The  limnoria  frequently  works  in  conjunction  with  the  teredo, 
attacking  the  exterior  while  the  teredo  destroys  the  interior  of  the 
wor  1,  and  this  combination  effects  a  rapid  destruction. 

■j  he  limnoria  attacks  both  the  hard  and  soft  parts  of  the  wood. 
The  hard  annual  layers  have  not  been  avoided  in  the  specimens  ex- 
amined. The  limnoria  can  penetrate  knots,  but  frequently  avoids 
them,  so  that  these  hard  portions  stand  out  in  relief  as  the  timbers 
waste  away.     Iron  rust  is  said  to  cause  a  somewhat  similar  effect. 

The  Size  of  the  Limnoria. — The  limnoria  is  very  small,  but  notwith- 
standing this  fact,  it  is  very  destructive.  The  multitude  of  these 
animals  compensates  for  their  size.  It  may  be  assumed  to  be  from  ^ 
to  \  in.  in  length,  and  about  -^j  in.  in  diameter.  The  tunnels  are  about 
2  in.  in  depth. 

The  Ranye  or  Field  of  Work. — The  wide  range  observed  between 
the  several  species  of  the  teredo  does  not  apply  to  the  limnoria.  Its 
work,  as  observed  in  the  United  States,  is  generally  confined  to  a 
limited  distance  above  and  below  the  low- water  mark.   Where  the  vai-ia- 
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tions  of  the  tides  are  extensive,  as  in  the  vicinity  of  the  Bay  of 
Fundy,  the  range  of  the  limnoria  is  correspondingly  great.  The 
United  States  Fish  Commission  states  that  it  has  been  found,  al- 
though rarely,  as  deep  as  40  to  60  ft. 

The  Rapidity  of  the  Work. — The  limnoria  does  not  work  as  rapidly 
as  the  teredo.  The  number  of  individual  workers  may  be  taken  as  a 
measure  of  the  work  they  accomplish.  The  number  of  tunnels  is 
more  important  than  their  depth.  Limnoria  are  almost  invariably 
found  in  large  numbers  and  destroy  a  layer  from  \  in.  to  1  in.  in 
thickness  in  a  year,  the  average  yearly  destruction  being  probably  h  in. 

Almost  all  wood  used  in  marine  locations  is  in  the  form  of  piles, 
which  are  necessarily  exposed  upon  all  sides.  Their  effective  diameter 
may  be  reduced  at  the  rate  of  1  in.  for  each  season,  which  result,  while 
not  equal  to  that  accomplished  by  the  teredo,  is  sufficient  to  cause  a 
great  loss. 

llie  Effect  of  Climate,  Temperature  and  TFa/e/-.— The  limnoria  is  found 
where  the  coldness  of  the  climate  prohibits  the  existence  of  the 
teredo.  It  requires  pure  sea  water,  and  cannot  exist  in  fresh  or  in 
impure  water,  consequently  it  is  not  found  at  the  mouths  of  rivers. 

Tlie  Distribution  of  the  Limnoria. — The  animals  are  distributed  along 
the  American  coast  from  Florida  to  Nova  Scotia.  They  exist  spar- 
ingly in  Long  Island  Sound,  but  are  quite  numerous  upon  the  coast 
of  Massachusetts,  and  are  very  destructive  in  the  Bay  of  Fundy. 
They  are  very  active  along  the  North  Pacific  coast,  and  are  much 
feared  in  the  vicinity  of  Puget  Sound  and  the  Straits  of  Fuca.  They 
exist  also  in  abundance  upon  the  coast  of  Great  Britain  and  in  other 
parts  of  Europe. 

Woods  Affected  by  the  Limnoria. — The  limnoria  seems  willing  to  attack 

all  varieties  of  wood  commonly  used  by  American  constructors,  but  is 

said  to  isrefer  soft  woods.     It  has  been  known  to  attack  the  gutta 

percha  of  submarine  telegraph  cables.     It  is  said  that  teak  wood  is 

free  from  attack.     Plate  XX  is  a  life-size  photograph  of  part  of  a 

piece  of  wood  from  Port  Townseud,  Wash.,  showing  the  work  of  the 

limnoria. 

Sphjekoma  Destructoe  (Richardson). 

Attention  has  recently  been  called  to  this  hitherto  undescribed  form 
of  life.  This  animal  is  interesting  in  that  it  is  active  in  comparatively 
fresh  water.     It  resembles  the  limnoria  in  that  it  attacks  the  wood 
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Fig.  1. — ^VoRK  of  Destructor. 


Fig.  2.— Surface  View  of  Fig.  1.    Life  Size. 
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from  without,  the  interior  of  the  wood  l)eiug  unaflfected  while  the  ex- 
terior is  being  destroyed. 

The  work  of  these  animals  was  first  noticed  upon  some  of  the 
trestles  of  the  Florida  East  Coast  Railway,  in  the  vicinity  of  St.  Johns 
Eiver,  in  Putnam  County,  Florida.  Specimens  of  the  wood  were  sub- 
mitted to  the  Carbolineum  Wood  Preserving  Company,  of  New  York 
City,  and  were  referred  by  them  to  the  Smithsonian  Institution  at 
Washington,  where  they  were  studied  by  Miss  Harriet  Richardson.* 

The  animal  somewhat  resembles  the  limnoria  in  appearance,  and 
is  dark  brown  in  color.  It  works  between  high  and  low-water  marks. 
These  are  not  tidal  levels,  but  changes  due  to  the  wind  assisted  by 
the  tides.  The  water  appears  to  be  quite  fresh  and  the  water  hyacinth, 
which  is  not  commonly  found  in  salt  water,  flourishes  in  the  vicinity. 
The  distance  to  the  ocean  is  about  100  miles. 

The  diameter  of  the  long-leafed  yellow  pine  pile,  from  a  photo- 
graph of  which  Plate  XXI  was  prepared,  is  said  to  have  been  reduced 
from  16  ins.  to  7^  ins.  in  eight  years. 

Several  forms  of  fresh-water  shipworms  (some  very  large)  have 
been  found  in  Australian  rivers. f 

The  Cheluka  Terebrans. 

This  animal  was  first  noticed  at  Trieste  in  1839,  and  was  next  found 
in  some  piles  in  the  harbor  of  Kingston.  The  Irish  specimens  were 
described  by  Professor  Allman  in  1847.  J  The  chelura  was  not  identi- 
fied in  America  until  1875,  when  two  small  specimens  were  discovered 
by  Professor  Sidney  I.  Smith  at  Wood's  Holl,  Mass.  No  others  were 
observed  until  August,  1879,  when  Professor  Verrill  discovered  a  num- 
ber of  them  in  some  piles  at  Provincetown,  Mass.  The  chelura  un- 
questionably belongs  to  the  amphipods,  and  there  is  apjjarently  but 
one  species  of  the  genus.  The  C.  Pontiac  described  by  Czerniavski  in 
1868  is  identical  with  the  Chelura  Terebrans. 

Descriptive. — The  general  appearance  of  the  chelura  (Fig.  4)  re- 
sembles that  of  the  ordinary  shrimp,  and  for  this  reason  is  sometimes 
referred  to  as  the  wood  shrimp.  Its  shape  differs  from  that  of  the 
limnoria  in  a  very  striking  degree.  The  two  animals  resemble  one  an- 
other only  in  size.     The  chelura  is  a  very  active  little  animal,  and 

*  Paper  before  the  Biological  Society  of  Washington,  D.  C,  May  13th,  1897. 
H  Charles  Hedley,  F.  L.  S.,  Sidney,  Australia, 
i  Ann.  and  Mag.  Nat.  Hist.,  xix,  1847,  p.  361. 
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swims  upon  its  back.  It  is  a  jumper,  and  can  project  itself  to  a  con- 
siderable height  when  j^laced  upon  dry  land,  and  in  this  respect 
resembles  the  sand  hopper.  The  body  is  semi-translucent,  and  is 
thickly  spotted  or  mottled  with  pink.  The  animal  is  distinguished 
by  three  pairs  of  caudal  stylets,  the  last  of  which  are  nearly  as  long 
as  the  body.    Those  of  the  females  or  the  young  animals  are  not  so  long. 

Vital  Processes. — The  chelura  resembles  the  limnoria  in  that  it  is  a 
vegetarian,  and  its  burrow  affords  both  residence  and  food.  The  fact 
that  the  chelura  devours  wood  for  sustenance  is  proved  by  the 
minutely  divided  ligneous  matter  found  in  the  alimentary  organs  of 
dissected  animals. 

Boring  Apparatus. — Professor  Allman's  original  study  of  the 
chelura  is  in  part  yet  regarded  as  authoritative.  He  states  that  the 
chelura  attacks  the  wood  and  reduces  it  to  minute  fragments  by 
means  of  a  kind  of  file. 

The  Character  of  the  Excavation. — Great  difficulty  has  been  ex- 
perienced in  obtaining  specimens  of  the  work  of  the  chelura,  and 
those  obtained  are  not  sufficient 
to  warrant  many  generalizations. 
In  many  particulars  the  work  of 
the  limnoria  and  of  the  chelura 

bear  such  a  close   resemblance 

Fig.  4. 
as  to  lead  to  the  suspicion  that 

these  animals  are  sometimes  confused  with  one  another.  The  excava- 
tions of  the  chelura  are  slightly  larger  than  those  of  the  limnoria,  but 
are  conducted  in  much  the  same  manner,  as  the  wood  is  attacked  en- 
tirely from  without.  Numerous  punctures  are  made,  and  then  the 
weakened  layer  succumbs  to  the  action  of  the  waves,  the  surface  thus 
exposed  being  in  turn  attacked  and  the  wood  destroyed  in  the  same 
manner.  It  is  stated  that  the  excavations  of  the  chelura  are  more 
oblique  in  their  direction  than  those  of  the  limnoria,  and  this  is  cer- 
tainly true  of  the  specimens  observed. 

The  chelura  appears  to  prefer  soft  wood,  and  their  attacks  are 
made  as  much  as  possible  in  the  softer  annual  rings.  The  tendency 
toward  an  arrangement  of  perforations  in  lines  is  shown  in  Plate  XXII. 
The  work  of  the  chelura  differs  from  that  of  the  limnoria,  in  that  the 
latter  attacks  the  wood  at  any  available  point,  while  the  chelura,  on 
the  contrary,  prefers  the  softer*  portions,  and  avoids  the  hard  wood 
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around  knots.     Perforations  found  in  such  localities  may  be  assumed 
to  be  the  work  of  the  limnoria. 

The  chehira  and  limnoria  are  associated  with  one  another  in  the 
American  localities  which  have  afforded  specimens  of  the  former. 
The  perforated  wood  from  these  localities  shows  that  the  limnoria 
were  in  the  timber  in  advance  of  the  chelura.  It  also  shows  larger 
individual  chelura  confined  to  the  soft  rings.  These  facts  indicate 
that  young  chelura  may  at  first  follow  limnoria  through  the  hard 
rings,  but  that  as  they  increase  in  size,  they  tiirn  toward  the  soft 
wood.  They  obviously  attain  full  size  in  the  larger  tunnels.  The 
individual  chelura  appears  to  be  even  more  formidable  than  the 
individual  limnoria. 

The  Size  of  the  Chelura.  — The  chelura  is  somewhat  larger  than  the 
limnoria.  It  is  said  that  specimens  one-third  of  an  inch  in  length 
have  been  measured. 

The  Range  or  Field  of  TFor^-.— The  frequent  confusion  between 
these  two  animals,  together  with  the  lack  of  American  data,  leaves 
the  question  of  range  unsettled.  The  specimens  found  at  Province- 
town  were  all  taken  from  wood  submerged  from  8  to  12  ft.  below 
low-water  level. 

Tlie  Distributiwi  of  the  Chelura. — The  chelura  was  sought  many 
times  along  the  American  coast  between  New  Jersey  and  Nova 
Scotia,  but  was  not  discovered  until  1875.  It  is  yet  confined,  so 
far  as  known,  to  the  two  original  localities,  Wood's  Holl  and  Prov- 
incetown,  both  in  Massachusetts,  but  it  is  more  than  possible  that  the 
animal  has  escaped  observation,  and  that  it  is  common  on  the  North 
Atlantic  coast.  The  unskilful  eye  would  readily  confound  the  chelura 
with  the  limnoria,  although  the  two  animals  belong  to  distinct 
divisions  of  the  crustaceans.  It  is  quite  jjossible  that  some  of  the 
damage  hitherto  ascribed  to  other  animals  has  been  accomplished  by 
the  chelura. 

The  chelura  has  been  reported  at  many  places  on  the  coast  of 
Europe,  and  is  mentioned  as  existing  from  South  Norway  to  the 
Adriatic.  Attention  has  been  called  to  the  extent  of  its  range.  It  is 
said  to  be  an  inhabitant  of  Australia.*  In  Europe  a  very  great  amount 
of   destruction   is  attributed   to  this   species,    and   eftbrts  have  been 

*  Since  the  above  was  written  Mr.  Charles  Hedley  has  ascertained  "that  not  only  are 
Chelura  and  Limnoria  not  included  as  Australian  pests,  but  that  neither  are  known  to 
exist  in  Australian  waters.  We  have,  however,  kindred  forms  which  take  their  place 
and  do  their  work.'' 
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made  to  substantiate  these  points,  but  have  thus  far  been  unsuccess- 
ful. It  may  be  that  some  European  results,  attributed  to  this  animal, 
are  deserved  by  the  limnoria,  as  it  is  probable  that  some  of  the  work 
of  the  limnoria  in  America  should  be  attributed  to  the  chelura,  and  it 
is  more  than  probable  that  the  animals  are  freqxiently  associated. 
Eftbrts  to  discover  particular  works  affected  exclusively  by  this  form 
of  life  in  Europe  have  not  thus  far  met  with  success.  The  chelura 
has  earned  a  most  unenviable  reijutation  in  Europe,  but  it  is  not 
known  in  which  jjlaces  it  exists  as  a  sjaecimen  and  in  which  as  a  pest. 

Sph^koma  V^astator.* 

This  species  was  found  in  the  woodwork  of  a  railway  bridge  on  the 
west  coast  of  the  Indian  Peninsula.  It  is  said  that  it  honeycombs  the 
wood  with  cylindrical  holes. 

The  Pholos. 

A  description  of  the  pholos  may  suitably  accomi^any  any  mention 
of  marine  wood-borers.  This  animal  does  not  attack  wood,  but  pene- 
trates the  hardest  stone,  and  is  therefore  interesting  because  it  illus- 
trates the  power  of  boring  animals. 

The  pholos  and  the  teredo  are  nearly  related.  The  former 
differs  from  the  latter  in  that  its  shell  is  much  larger  and  in  form 
more  closely  resembles  the  long  clam.  Some  species  of  this 
animal  are  much  prized  by  the  French  as  table  luxuries.  Others  are 
used  as  food  on  the  North  Pacific  Coast.  The  pholos  is  an  inhabitant 
of  many  seas;  it  is  plentiful  in  the  English  Channel,  and  is  found  in 
many  places  on  the  American  coast.  The  borings  of  the  pholos  are 
instructive,  from  a  geological  point  of  view.  The  so-called  Temple 
of  Seraphis,  near  Najjles,  affords  a  jirominent  illustration  of  the 
movement  of  the  earth's  crust.  This  temple  has  sunk  in  the  water  and 
has  then  arisen  again,  the  fact  of  submergence  being  made  clear  by 
the  perforations  of  the  pholos.  The  three  principal  columns  are 
honeycombed  up  to  a  height  of  about  10  ft.,  which  shows  that  the 
ocean  once  covered  the  columns  to  that  height. 

The  method  of  excavation  has  already  been  described  in  comparison 
with  that  of  the  teredo.     The  pholos  opens  its  shell  so  as  to  brace  itself 

*  Described  by  Mr.  Spence  Bates  in  the  Ann.  of  Nat.  His.,  Vol.  xvii,  1886,  pp.  28-31. 
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Fig.";!.— Pholos,  excavating  Sandstone.    Life  Size. 


Fig.  2. — Dactylus,  excavating  Granite.    Life  Size. 


Fig.  3.— Martesia  Xylophaga,  in  Panama  Mahogany.— Life  Size. 
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against  the  sides  of  its  tunnel.  The  long  foot  or  pestle,  which  is  simi- 
lar to  that  of  the  teredo,  emerges  and  rubs  at  the  surface  of  the  stone. 
It  is  assisted  by  the  particles  of  sand  or  rock.  The  cavity  is  thus 
enlarged  to  accommodate  the  groAving  animal.  Fig.  1,  Plate  XXHI, 
shows  one  of  the  numerous  species  of  this  animal  at  woi'k  upon  a  piece 
of  sand-stone.  Fig.  2,  Plate  XXIII,  shows  a  similar  animal  j)erf orating 
solid  granite  ;  while  Fig.  3,  Plate  XXIII,  exhibits  another  form, 
found  in  hard  wood. 

The  series  of  marine  stone-borers  is  very  great,  and  includes  the 
numerous  species  of  the  jiholos  family,  together  with  other  animals 
not  related  to  them.  One  of  the  animals  of  this  class  is  a  powerful 
enemy  of  the  oyster  industry.  Another  of  them  destroyed  in  one 
year  a  cargo  of  marble  which  had  been  wrecked  in  the  North  Atlantic. 

Baknacles. 

The  barnacle  does  not  i)erforate  Avood,  but  usually  attaches  itself 
singly  or  in  clusters  to  floating  or  submerged  wood,  and  does  not  in- 
jure it.  It  is  removed  from  the  bottoms  of  ships  because  it  impedes 
their  progress.  Barnacles  jjrotect  the  surfaces  they  cover.  The  white 
blotches  on  Fig.  1,  Plate  XVI,  show  the  places  where  barnacles  were 
at  one  time  attached.  Fig.  3,  Plate  XIV,  shows  the  form  of  the 
barnacle. 

Methods  of  Pkotection. 

A  history  of  the  attempts  to  preserve  wood  from  the  attacks  of 
wood-borers  would  be  voluminous.  It  is  only  necessary  to  call  atten- 
tion to  those  methods  which  have  been  attended  with  more  or  less 
success.  Most  of  the  attempts  in  this  direction  have  been  made  with 
the  idea  of  protecting  wood  from  the  attacks  of  the  teredo.  It  hap- 
pens, fortunately,  that  any  method  insuring  immunity  from  the  teredo 
secures  Avood  from  other  wood-borers  as  well.  The  methods  which 
have  been  used  may  be  classified  as  follows: 

Remov'd  During  the  Breeding  Season. — This  method  may  be  used  to 
protect  such  objects  as  buoys,  bathing-houses  and  row  boats.  It  is 
only  applicable  Avhere  the  breeding  season  is  short  as  it  is  in  the  North. 

-4  Change  of  Water.  — Wooden  vessels  which  have  been  attacked  by 
the  teredo  are  sometimes  hauled  into  fresh  or  muddy  water.  The 
animals  Avhich  have  gained  entrance  to  the  wood  are  killed  by  this 
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means.  The  suggestion  has  been  made  that  exjDensive  wood-work 
subjected  to  the  teredo  be  surrounded  by  fresh  water. 

The  Use  of  Selected  Woods. — The  few  varieties  of  wood  for  which 
claims  in  this  particular  have  been  made  are  not  widely  known  or  em- 
ployed, and  it  is  seldom  iirged  that  any  are  permanently  exempt. 
Repeated  attempts  have  been  made  to  discover  some  wood  upon  which 
reliance  could  be  placed,  but  with  meager  results.  The  evidence, 
thus  far,  is  in  favor  of  the  palm  and  the  Australian  jarrah  wood. 

External  Coatings. — Many  of  the  protective  methods  maybe  grouped 
under  the  head  of  external  coatings,  one  advantage  of  which  is  that 
the  treatment  may  be  limited  to  that  i^ortion  of  the  wood  which  is  ex- 
posed to  attack,  while  those  parts  which  are  below  the  mud  line  or 
above  high  water  need  not  be  considered.  This  is  not  the  case  where 
internal  treatment  is  used. 

{a)  The  bark  is  sometimes  left  ujion  the  wood,  and,  as  long  as  it 
remains  intact,  j)rotects  it  from  the  teredo.  This  is  explained  by  the 
reluctance  of  the  teredo  to  cross  seams.  The  bark  is  soon  loosened 
and  removed  by  the  waves,  however,  and  the  wood  is  then  exposed. 
It  is  doubtful  whether  bark  serves  as  a  protection  against  the  limnoria 
and  chelura. 

(ft)  Thin  plank,  joined  closely  upon  the  surface  of  the  wood,  will 
preserve  it  from  the  teredo  during  the  existence  of  the  plank,  but 
affords  no  i3rotection  from  limnoria  or  chelura,  for  the  jilank  is  soon 
honeycombed  or  loosened  and  the  interior  woodwork  is  then  exposed 
to  attack. 

(c)  Metallic  sheathings,  such  as  copper  and  zinc,  have  been  success- 
fully used  in  many  places,  and  the  former  has  proved  to  be  one  of  the 
most  valuable  methods  of  jjrotection  when  placed  upon  piles  so  that 
when  they  are  driven  home  the  metal  extends  below  the  mud  line 
and  up  to  or  above  high-water  mark.  It  is  used  upon  the  bottoms  of 
wooden  vessels  and  is  much  superior  to  zinc,  which  is  quickly  acted 
upon  by  the  salt  water.  Metallic  coatings  are  expensive,  but  are  very 
effective,  however,  in  protecting  against  all  forms  of  marine  borers. 
Surfaces  sometimes  become  coated  with  barnacles  and  similar  animals 
Avhich  afibrd  further  protection  to  the  wood. 

[d)  Teredo  or  "  worm  "  nails  have  been  extensively  used,*  and  are 
said  to  have  originated  with  the  Romans.     They  have  short  spikes 

*The  Dutch  use  them  to  a  height  of  one-half  tide. 
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and  large,  flat  and  sometimes  square  heads.  They  resemble  ordinary 
carpet  or  upholsterers'  tacks,  and  are  driven  close  together.  Accord- 
ing to  the  specifications  adopted  by  the  Dutch  Waterstaat,  the  nails 
must  be  well  forged  and  not  brittle.  The  diameter  of  the  head  must 
be  3  cm.  and  the  length  of  the  tack  4  cm.  One  kgr.  is  to  contain 
from  thirty  to  thirty-four  nails.  An  interesting  series  of  experiments 
with  teredo  nails  has  been  conducted  by  the  New  York  Department 
of  Docks.*  Teredo  nails  are  apt  to  rust  and  thus  catise  failure.  It 
was  once  held  that  the  iron  rust  impregnation  assisted  in  repelling 
the  teredo,  but  this  appears  to  have  more  foundation  of  truth  as  re- 
gards the  limnoria. 

{e)  Paints,  verdigris,  jjaraffine,  tar,  asjDhalt  and  other  mixtures 
have  been  used  as  protectives,  but  it  is  usually  diflScult  to  retain  siich 
coatings  in  i^osition.  Mixtures  which  withstand  the  softening  effect 
of  sea  water  are  likely  to  be  removed  by  erosion,  and  siirfaces  should 
be  inspected  at  least  once  a  year. 

(/)  Attempts  have  been  made  to  combine  paint  mixtures  with  some 
fabric  such  as  burla^j  or  wire  netting.  Asphalt  and  net  have  not 
proved  successful  on  the  Pacific  coast,!  but  a  combination  of  parafiine 
paint  and  burlap  used  there  has  attracted  attention.  After  removing 
the  bark  the  surface  of  the  i^ile  is  covered  with  a  prepared  compound, 
some  of  the  ingredients  of  which  are  parafiine,  j^owdered  limestone 
and  kaolin.  The  pile  is  then  wrapped  in  jute  burlajs,  and  another 
application  of  the  compound  is  made.  Wooden  battens  are  then 
nailed  along  the  surface,  which  receives  a  final  coat  of  the  paint. 
PUes  thus  protected  have  been  in  use  for  ten  years  on  the  Pacific 
Coast  by  the  California  State  Board  of  Harbor  Commissioners,  by  the 
Northern  Pacific,  Great  Northern  and  other  railways,  and  are  said  to 
have  been  successful.  The  coating  i^rotects  the  piles  from  the  teredo, 
limnoria  and  similar  animals,  but  its  duration  is  not  known. f 

(g)  Piles  are  sometimes  covered  with  Portland  cement  mortar. 
The  bark  is  first  removed  and  the  wood  cleared  of  knots  and  similar 
projections.  The  pile  is  then  driven  to  its  final  position.  The  mortar 
is  applied  in  several  ways.  A  jacket  of  ordinary  sewer  pipes  extending 
from  the  mud  line  to  high-water  mark  is  sometimes  placed  around  the 
l)ile,  and  the  space  thus  enclosed  filled  with  hydraulic  cement.     Piles 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxi,  p.  235. 
+  Engineering  News,  February  8th,  1894. 
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thus  protected  have  been  put  in  position  and  observed  by  the  Cali- 
fornia State  Harbor  Board.  The  coatings  were  soon  found  to  have 
cracked,  probably  because  they  were  too  stiff.  An  iron  shell  or  mould 
made  in  two  jDieces,  bolted  together  tightly  aroimd  the  pile  has  some- 
times been  used.  The  intervening  space  is  tilled  with  cement,  and  the 
mould  removed  as  soon  as  the  cement  has  become  hard.  The  Louis- 
ville and  Nashville  Railroad  treated  four  thousand  piles  in  this  way, 
at  an  average  cost  of  !$1.25  per  foot  of  length.*  The  cost  of  repairs 
for  the  fii'st  seven  years  was  comjDai'atively  small.  The  concrete  became 
coated  with  oysters  and  barnacles  and  was  thus  further  strengthened. 
The  advantage  of  such  a  treatment  is  that  it  can  be  applied  after  the 
piles  have  been  driven.  Teredos  or  limnoria  may  unexpectedly  attack 
the  wood,  and  any  specimens  which  have  gained  entrance  can  be  killed 
and  others  repelled  by  this  method.  The  cost  is  not  as  great  as  might 
appear,  since  the  entire  length  of  the  pile  is  not  covered. 

[h)  The  use  of  sand  has  been  found  to  be  both  eflfective  and  low 
priced.  Cylinders  of  earthenware  j)ipes  joined  together  by  a  special 
cement,  are  lowered  over  the  pile  and  pushed  into  the  bottom.  The 
space  between  the  cylinder  and  the  pile  is  filled  with  sand.  Any 
fracture  or  leakage  is  made  evident  at  the  tojj  and  can  at  once  be  made 
good.  This  method  was  suggested  by  the  Louisville  and  Nashville 
Railroad,  and  is  considered  to  be  an  improvement  on  their  former 
method  of  protection  by  means  of  cement,  while  the  cost,  about  70 
cents  jjer  foot,  is  much  lower.  The  method  is  said  to  insure  greater 
elasticity  and  better  protection  at  the  bottom.  Piles  treated  in  this 
way  on  the  New  Orleans  and  Mobile  Division  are  ajiparently  as 
sound  as  when  driven,  twenty  years  ago.  In  some  cases  their  tops 
were  not  covered  with  pitch  when  they  were  sawed  off,  and  the  heart 
wood  of  a  few  of  these  specimens  has  decayed.  The  outer  sapwood 
still  remains  sound. f 

{i)  External  protection  is  sometimes  afforded  naturally.  The  sur- 
face of  the  wood  may  become  covered  with  barnacles,  mussels,  oysters 
or  similar  animals,  and  is  thereby  jjrotected  from  attack.  Sea  thorns 
sometimes  multiply  to  such  an  extent  that  the  entire  surface  is  covered 
by  their  disks,  which  afford  a  very  effective  protection. 

A  Dutch  commission,  after  six  consecutive  years  of  investigation, 
reported  that  coatings  apidied  to  the  surface  of  wood  seemed  insuffi- 

*  Transactions,  Am.  Soc.  C.  E..  Vol.  xxxi,  p.  225. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxi,  p.  221. 


SNOW    ON"   MARINE   WOOD-BORERS.  207 

cient;  that  such  coatings  are  likely  to  be  injured  by  mechanical  means; 
that  chemical  changes  are  to  be  looked  for;  and  that  it  is  diflScult 
to  obtain  a  covering  which  will  continue  in  close  contact  with  the 
wood. 

The  subject  of  external  coatings  may  be  thus  summarized  :  Protec- 
tion may  be  afforded  as  long  as  the  coating  remains  intact,  but  this  is 
difficult  to  accomplish. 

Internal  Treatment. — ^Many  substances,  such  as  water-glass,  the  salts 
of  mercury  and  of  iron,  have  been  suggested  as  substitutes  for  coal- 
tar  creosote,  but  none  of  these  can  compare  with  it,  and  therefore  de- 
serve no  further  notice. 

Creosote  supplies  the  best  means  for  repelling  the  attacks  of  the 
teredo,  limnoria  and  other  sea  animals,  and  also  the  termite  and  other 
land  wood-borers.  The  subject  of  ereosoting  divides  itself  into  three 
jjarts:  the  creosote,  the  method  and  the  wood. 

Creosote  is  a  substance  which  is  contained  in  the  second  distillation 
of  coal  tar.  The  first  distillation  consists  of  light  oils,  the  second, 
creosote,  and  the  third,  pitch.  Tars  differ  greatly  in  their  chemical 
constituents,  and  in  their  products  of  distillation.  The  word  cresote, 
therefore,  has  not  an  absolutely  exact  definition.  The  substance  has 
no  chemical  symbol,  as  it  applies  to  a  fluid,  the  constituents  of  which 
constantly  differ.  It  is  essential  that  creosote  should  be  heavier  than 
water,  as  light  creosotes  have  never  been  satisfactory,  and  most  of 
the  failures  attributed  to  creosote  have  really  been  due  to  the  use  of 
such  oils. 

Creosote  is  exjiected  to  act  in  two  ways.  It  introduces  antiseptics 
into  the  wood;  it  also  fills  the  pores  with  thick,  gummy  insoluble  oils 
and  naphthaline.  Therefore,  a  second  distillate  of  coal  tar,  which  con- 
tains antiseptics  and  gummy  substances  in  sufficient  quantity  and  of 
satisfactory  quality,  should  be  selected.  It  should  contain  over  4Si% 
of  naphthaline,  and  as  little  pitch  as  possible.  It  may  contain  as 
much  carbolic  acid  as  is  likely  to  be  present  in  this  distillate,  which 
will  not  be  over  4  or  5  per  cent.  No  substances  likely  to  accompany 
the  minimum  of  4Q%  of  naphthaline  will  be  injurious,  because  many  of 
them  may  be  regarded  simply  as  vehicles.  Heavy  oil  of  creosote  is 
heavier  than  water,  and  is  sufficiently  insoluble  to  remain  in  the  wood 
for  a  long  time.  Creosote  weighs  from  8  to  9  lbs.  to  the  gallon.  The 
United  States  cannot  meet  the  demand  for  dead  oil  of  coal  tar,  and. 
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therefore,  a  large  quantity  is  derived  from  England.  The  so-called 
''London  Oil  "  is  very  thick  and  heavy.  It  is  thought  to  be  one  of  the 
best  grades  of  creosote  for  marine  work. 

The  method  by  which  creosote  is  introduced  into  the  wood  is  most 
important,  but  any  method  which  will  insure  a  thorough  impregna- 
tion will  be  satisfactory.  The  wood  is  first  heated  in  a  vacuum  to  re- 
move the  moisture.  The  heat  is  so  manipulated  as  to  vaporize  the 
sap  and  coagulate  the  albumens  of  the  wood.  Heated  creosote  is 
then  introduced,  and  the  condensation  of  the  vapor  in  the  wood  causes 
a  vacuum  which,  assisted  by  pressure,  draws  in  the  creosote.  A  gauge 
outside  of  the  tank  indicates  the  subsidence  of  the  creosote  as  it 
passes  into  the  wood.  The  process  is  stopi^ed  as  soon  as  the  specified 
quantity  of  creosote,  usually  from  10  to  16  lbs.  per  cubic  foot  of 
wood,  has  been  forced  in. 

The  selection  of  the  wood  which  is  to  receive  the  creosote  is  im- 
portant. Some  woods  are  more  porous  than  others,  and  one  which 
will  permit  the  free  entrance  of  creosote  is  better  than  one  which  is 
hard  or  otherwise  durable.  It  should  be  of  such  a  nature  that  it  will 
protect  the  creosote  after  impregnation.  Creosote  has  occasionally 
failed  because  it  has  not  been  used  in  connection  with  wood  of  the 
proper  quality.  The  Georgia  pine  and  the  Loblolly  pine  are  the  best 
for  this  purpose.  Green  woods  are  sometimes  preferred  to  those  which 
have  been  seasoned,  because  the  condensation  of  the  vaporized  sap 
assists  in  more  thoroughly  impregnating  the  wood. 

Many  cases  of  failure  are  recorded  against  creosoted  wood. 
Other  cases  are  on  record  of  woods  which  have  resisted  at  first,  but 
have  succumbed  after  several  years  of  exposure.  In  all  these  cases  it 
may  be  assumed  that  the  creosote  was  at  fault;  that  the  work  was  not 
thoroughly  done,  or  that  the  wood  was  of  a  kind  which  resisted  the 
ordinary  treatment.  A  well-selected  wood,  thoroughly  impregnated 
with  good  coal  tar  creosote,  will  resist  the  teredo,  the  limnoria,  and 
probably  all  other  forms  of  life  for  many  years. 

Substitution. — Substitution  can  hardly  be  classified  as  a  method  of 
preservation,  but  should  be  mentioned  in  connection  with  this  sub- 
ject, because  the  use  of  iron  in  ship-building  is  constantly  increasing. 
Were  this  not  so,  marine  wood-borers  would  require  much  more  atten- 
tion than  they  receive  at  i^resent.  Iron  piles  are  used  to  some 
extent,  and  the  use  of  iron  work  in  marine  construction  may  be  safely 
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said  to  be  on  tlie  increase.     There  are  many  marine  works,  however,  in 
which  iron  can  hardly  be  used  as  a  substitute  for  wood. 

The  author  has  received  notable  assistance  from  Professor  Verrill, 
of  Yale  University;  Professor  Packard,  of  Brown  University;  Professor 
C.  O.  Siegerfoos,  of  Johns  Hojjkins  University;  the  National  Museum 
at  Washington,  and  General  John  M.  Wilson,  M.  Am.  Soc.  C.  E. ,  Chief 
of  Engineers,  U.  S.  A.  The  New  York  Museum  of  Natural  History  has 
permitted  the  author  to  photograph  some  of  its  specimens.  The 
United  States  Fish  Commissioner  has  contributed  much  data,  and 
prepared  di-awings  of  the  teredo,  the  limnoria,  and  the  chelura.  The 
New  York  Aquarium,  Colonel  William  Ludlow,  M.  Am.  Soc.  C.  E. , 
Francis  Collingwood,  M.  Am.  Soc.  C.  E.,  T.  G.  Hoech,  M.  Am.  Soc. 
C  E. ,  and  manv  others  have  been  of  assistance. 
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DISCUSSION. 


Mr.  Berg.  WALTER  G.  Berg,  M.  Am.  Soc.  C.  E.  —Attention  should  be  called 
to  the  beneticial  effect  of  emptying  servers  and  factory  refuse  near 
timber  structures.  It  is  a  well-known  fact  that,  in  New  York  City 
piers  or  harbor  timber  structures  located  where  the  water  is  heavily 
impregnated  with  sewage  or  factory  refuse  are  not  seriously  damaged 
by  the  teredo.  This  fact  is  almost  conclusive  proof  that  these  ani- 
mals require  for  their  existence  clear,  good,  salt  water. 

Mr.  Hanod.  B.  M.  Harrod,  Past-President,  Am.  Soc.  C.  E. — The  engineers  of 
the  Louisville  and  Xashville  Railroad  have  had  a  very  large  experi- 
ence, perhaps  the  largest  in  the  country,  in  fighting  this  mollusk  on 
the  Gulf  Coast.  They  have  used  creosoting  extensively,  and  for  this 
purpose  have  erected  their  own  works.  They  have  tanks  6  ft.  in 
diameter  and  lOU  ft.  long.  The  sap  is  extracted  by  the  condensation 
of  the  steam,  and  then  the  creosote  is  put  in  under  pressure.  Their 
bridge  piles  are  now  standing  in  good  condition,  after  some  12  years. 
They  have  also  used  cement  around  the  piles,  and  another  method 
which  they  have  tried  seems  to  the  speaker  to  be  very  attractive,  but 
he  does  not  know  that  it  has  yet  been  fairly  tested.  After  driving  a 
pile,  drain  tiles  are  slijjped  over  it,  thus  forming  a  very  loosely  fitting 
pipe.  The  tiles  are  placed  in  position  by  a  diver,  and  then  simply 
filled  in  with  sand.  The  speaker  thinks  this  is  the  last  experiment 
they  have  made  and  that  it  is  giving  good  results.  It  is  certainly  the 
cheapest  plan  yet  tried.  In  connection  with  this  subject,  it  will  be 
interesting  to  refer  to  the  paper  by  R.  Montfort,  M.  Am.  Soc.  C.  E.  * 

Mr.  Manley.  Henry  Manley,  M.  Am.  Soc.  C.  E. — In  Boston  harbor  the  teredo, 
as  a  rule,  is  not  found.  The  Cape  Cod  peninsula  seems  to  be  the 
dividing  line;  but  territory  upon  the  border  line  may  be  subject  to 
invasion,  and  two  or  three  years  ago  there  was  a  considerable  inroad 
which  was  wholly  unexpected  and  unprepared  for.  In  this  case  a 
dredging  company  was  operating  at  the  mouth  of  the  harbor.  In  the 
early  spring  the  company  brought  some  new  hard-pine  lumber  from  the 
South,  which  had  been  floated  down  one  of  the  rivers  of  Georgia  and 
shipped  to  Bath,  Me.  Two  large  scows,  each  holding  perhaps  500  or 
800  cu.  yds. ,  were  built  of  this  lumber  and  brought  to  Boston  early 
in  the  sj^ring.  They  were  pulled  out  of  the  water  to  be  measured  by 
the  Government  engineers,  and  then  used  in  the  work  at  the  mouth 
of  the  harbor.  Late  in  the  summer  they  began  to  leak  unaccovmtably. 
On  examination  they  were  found  to  have  been  thoroughly  riddled 
and  bored  by  the  teredos,  which  were  good-sized  specimens  and  of 
full  growth.  It  was  rather  a  shock  to  the  people  having  the  care 
of  wooden  structures  in  Boston  harbor,  and  they  were  a  little  appre- 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxi,  p.  1321. 
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heasive;  bat  the  following  winter  destroyed  all  the  teredos,  and  since  Mr.  Maniey. 
that  time  they  have  not  reappeared.  In  Boston  it  has  not  been 
thought  necessary  to  use  any  protection  against  the  teredo,  and  in  an 
experience  of  25  or  30  years  the  speaker  has  known  of  only  six  or 
seven  isolated  cases  where  the  animal  has  appeai'ed,  and  then,  excei)t 
as  above  stated,  only  as  specimens. 

The  limnoria  has  been  found  in  Boston  harbor  from  time  out  of 
mind,  and  the  local  engineers  find  no  pai'ticular  difficulty  in  guarding 
against  its  attacks. 

It  has  long  been  the  practice  to  specify  that  in  exposed  situations 
the  bark  upon  piles  shall  be  intact,  and  that  the  trees  used  for  this 
purpose  shall  have  been  cut  at  such  seasons  that  the  bark  will  retain 
its  place.  So  long  as  the  bark  remains,  the  experience  has  been  that 
it  is  a  perfect  protection  from  the  limnoria. 

B.  L.  Crosby,  M.  Am.  Soc.  C.  E. — Some  years  ago,  on  a  visit  to  Mr.  Crosby, 
the  East,  the  speaker  took  a  trip  in  Boston  harbor  to  what  was  then 
called  Downer's  Landing,  and,  at  low  tide,  the  water  being  very  clear, 
he  noticed  that  a  large  number  of  piles  were  nearly  eaten  oft' ;  the 
type  of  destruction  being  that  of  limnoria.  That  is,  the  wood  was  gone, 
so  that  the  points  of  many  of  the  piles  near  the  ground  line  looked  as 
though  they  had  been  sharpened  like  a  lead  pencil.  A  new  wharf  was 
then  being  built  and  was  only  finished  in  time. 

Robert  Moore,  M.  Am.  Soc.  C.  E.  — A  new  process  for  preserving  Mr.  Moore. 
piles  consists  of  the  application  of  a  cement  of  a  somewhat  new  type 
called  lithocite.  It  is  said  to  harden  rapidly  into  a  very  hard  mineral 
substance.  The  method  of  application  is  to  wrap  the  pile  in  gunny- 
sask,  or  similar  material,  and  then  saturate  it  thoroughly  with  this 
cement  in  liquid  form.  This,  of  course,  can  be  done  by  wrapjiing  with 
one  or  more  thicknesses  of  the  gunnycloth,  and  when  it  is  applied  in 
this  way  it  is  said  to  form  a  hard  and  perfect  protection  against  the 
entrance  of  the  teredo  or  any  other  marine  pest.  The  method  of  appli- 
cation is  simple,  and  is  said  to  cost  about  half  as  much  as  creosoting. 
The  experience  of  two  or  three  years,  perhaps  more,  is  said  to  show 
that  it  affords  a  perfect  protection.  If  what  is  claimed  for  it  is  verified 
by  experience,  it  will  certainly  be  an  important  addition  to  the 
resources  of  the  engineer  in  fighting  marine  pests.  The  speaker  be- 
lieves that  it  has  been  used  along  the  Gulf  Coast  at  several  poiuts,  and 
that  it  has  been  used  by  the  Louisville  and  Nashville  Railroad,  and 
upon  some  of  the  government  works  on  the  Florida  Coast. 
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CORRESPONDENCE. 


TSir.  Colling:-  Fkancis  Colmngwood,  M.  Am.  Soc.  C.  E. — The  paper  is,  altogether, 
the  best  exposition  of  the  subject  that  the  writer  has  seen,  and  is  so 
complete  that  little  room  is  left  for  discussion. 

As  to  the  depths  at  which  these  animals  work,  the  writer  wishes  to 
mention  the  following  instance.  The  site  of  the  New  York  tower  of 
the  East  River  Bridge  (at  Pier  29,  East  River)  was  dredged  to  31  ft. 
below  high  water.  It  was  found  that  the  dredge  missed  the  ends  of 
some  piles  that  had  been  eaten  off  at  about  the  mud  line,  say  30  ft.  to 
32  ft.,  and  these  were  pulled  up  by  chain  attached  by  divers.  Whether 
the  worm  was  the  teredo  or  not  the  writer  cannot  now  remember. 

The  alarm  about  the  caissons,  mentioned  by  the  author  as  existing 
at  that  time,  arose  from  the  fear  that  these  animals  might  continue 
their  work  after  the  caissons  were  sunk  in  the  bottom,  even  below  the 
earth.  After  consulting  many  authorities,  the  writer  reached  the 
same  conclusions  as  the  author. 

The  paper  is  complete,  and  leaves  nothing  to  be  desired.  Of 
course,  the  subject  of  remedies  or  prevention  of  the  ravages  of  the 
worms  is  an  extensive  one,  but  it  has  been  pretty  thoroughly  threaded 
over. 

The  writer's  advice  on  this  subject  would  be  that  patent  nostrums 
should  be  avoided. 
Mi:.  x,e  Conte.  L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E. — The  Pacific  Coast  teredo  is  a 
very  active  mollusk,  and  when  fully  developed  is  f  of  an  inch  in  diam- 
eter and  36  ins.  long.  It  is  especially  vigorous  at  and  near  the 
entrances  to  harbors  where  the  flood  tide  waters  come  in  fresh  from 
the  sea,  and  more  particularly  at  those  sites  where  the  tidal  currents 
are  strongest  and  the  food  supply  naturally  plentiful.  In  such  places 
the  teredo  will  destroy  a  14-in.  jiile  completely  in  three  months. 

The  teredo,  as  found  on  the  Pacific  Coast,  is  quite  sensitive  to  the 
influence  of  fresh  water  encroachments,  and  as  a  result  at  different 
portions  of  the  bay  of  San  Francisco  the  difference  in  the  activity  of 
the  teredo  is  very  great — the  life  of  a  pile  varying  from  three  months 
;to  seven  years.  The  worst  expei'ience  with  the  teredo  on  the  Pacific 
Coast  has  been  the  increase  in  its  range  of  activity  during  the  past  ten 
years — the  teredo  now  attacking  greedily  many  kinds  of  materials 
which  formerly  were  avoided.  This  apparent  change  in  its  habits  is 
probably  due  to  a  variety  imported  by  vessels  plying  to  and  from 
Mexican  ports. 

Some  ten  years  ago  the  si^ecifications  of  the  Harbor  Commission 
Jingineer  demanded  that  all  piles  furnished  should  have  a  jjerfect 
coating  of  natural  bark;  the  trees  to  be  felled  in  the  winter  months 
when  the  bark  is  more  adherent.     Now  the  teredo  pays  little  or  no 


CORRESPONDENCE    ON    MARINE    WOOD-BORERS.  213 

attention  to  the  bark.     The  writer  has  seen  several  samples  which  were  Mr  Le  Coi  te. 
completely  riddled  with  teredo  holes. 

The  comparative  freedom  of  the  endogenous  woods — palms  and  pal- 
mettos— from  the  ravages  of  the  teredo  seems  to  be  due  more  to  the 
very  spongy  character  of  the  wood  than  to  any  other  quality.  This 
jjorosity  readily  admits  the  approach  of  the  enemies  of  the  young 
teredo  before  he  is  fully  able  to  make  a  tube  to  protect  himself.  The 
natural  enemies  of  the  teredo  should  be  studied  and  cultivated. 

The  limuoria  Ugnormn  mentioned  by  the  author  is  a  terrible  pest  on 
the  Pacific  Coast,  and  from  a  broad  point  of  view  is  more  destructive 
because  of  its  much  wider  range  of  activity.  The  chelura  has  not 
been  definitely  recognized  on  the  Pacific  Coast  by  competent  authority, 
although  it  may  exist. 

As  to  methods  of  protection,  the  outside  coating,  such  as  copper, 
zinc  or  the  Paraffin  Paint  Company's  coating  are  good  preventives  as 
far  as  they  go;  but  by  these  processes  the  life  of  the  pile  is  transferred 
to  the  natural  life  of  its  unprotected  head,  above  the  coatings,  which 
generally  decays  so  as  to  be  unfit  for  service  in  about  seven  to  eight 
years,  sometimes  longer.  Dutch  fiat-headed  nails  have  been  Tised  in 
San  Francisco  Bay  by  the  United  States  Engineers,  with  marked  suc- 
cess, against  the  teredo,  but  are  of  indiff"erent  value  as  against  the 
limnoria. 

Creosoting  properly  done,  with  an  ample  amount  of  dead  oil  of  good 
quality,  is  the  best  process  yet  devised  as  a  protection  against  sea  ani- 
mals of  all  kinds,  since  it  insures  also  against  ordinary  decay.  The 
history  of  protective  coatings  for  the  past  fifty  years  is,  unfortun- 
ately, full  of  many  inexplicable  failures.  Hence  the  slow  advances 
made  in  practice.  A  study  of  these  failures  is  quite  interesting.  A 
large  percentage  of  them  is  charged  to  poor  oil,  whereas  examina- 
tion shows  that  such  a  charge  is  unfounded. 

A  large  majority  of  these  failures  can  be  traced  to  the  fact  that  it 
is  very  frequently  impossible  to  impregnate  a  wooden  pile  with  miich 
uniformity  in  depth  of  penetration,  some  portions  of  the  wood  being 
close  grained  and  hard,  while  other  portions  are  much  softer  and  more 
porous.  Hence,  during  the  time  that  the  dead  oil  is  being  forced  in 
ixnder  pressure  it  naturally  penetrates  through  those  channels  which 
offer  the  least  resistance  to  progress,  and,  consequently,  most  of  the 
oil  goes  into  the  softer  portions  of  the  wood  and  avoids  the  denser  por- 
tions. 

It  is  evident  that  the  quantity  gauge,  which  keeps  a  record  of  the 
number  of  gallons  of  oil  introduced  per  cubic  foot,  for  the  entire  pile, 
can  furnish  no  guarantee  whatever  as  to  whether  the  work  done  is  first 
class  or  very  inferior. 

The  writer  has  seen  a  creosoted  pile,  passed  by  inspectors  as  a  good 
job,  taken  to  a  saw  mill  and  cut  iip  into  short  lengths,  and  the  cuts 


214  CORRESPONDENCE    ON    MARINE    WOOD-BORERS. 

Ml.  LeConte.  examined.  The  inequality  in  depth  of  penetration  was  remarkable 
being  in  some  places  as  much  as  3 to  4  ins.,  and  in  the  denser  portions 
not  over  2-0  of  an  inch. 

Along  the  west  coast  of  Mexico  the  sea  animals  are  unusually  active, 
and  piers  are  generally  built  on  a  foundation  composed  of  wrought- 
iron  i>iles  6  to  9  ins.  in  diameter.  Iron  and  steel  are  being  produced 
so  cheaply  that  it  begins  to  look  as  if  this  is  the  most  practical 
solution  of  the  i^roblem. 
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WITH    DISCUSSION. 

The  Mississippi  Kiver  is  utilized  for  pui'i^oses  of  navigation  from 
tlie  Gulf  of  Mexico  to  the  Falls  of  St.  Anthony,  a  distance  of  about 
2  000  miles. 

In  this  great  length,  the  character  of  the  stream  goes  through 
various  changes,  through  the  influx  of  tributaries  and  other  causes. 
In  order  to  get  a  clear  comprehension  of  the  controlling  physical  con- 
ditions in  different  parts  of  the  stream,  it  is  best  to  divide  it  into  four 
distinct  reaches  or  sections. 

First. — That  portion  extending  from  the  Falls  of  St.  Anthony  to  the 
mouth  of  the  Missouri,  a  distance  of  712  miles.  In  this  reach  the 
banks  are  low,  and  the  oscillation  between  high  and  low  water  rarely 
exceeds  25  ft.  In  the  upper  half  of  this  reach  the  river  is  divided  into 
a  great  many  sloughs,  which  serve  as  high-water  channels,  but  are 
often  nearly  or  quite  dry  at  low  water.  The  water  carries  but  little 
sediment;  bank  erosion  is  comparatively  slight;  for  21  miles  it  flows 
through  a  lake  of  slack  water  30  ft.  deep;  the  flow  in  two  jDlaces  is  in- 
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terrupted  by  rapids  where  the  bed  of  the  stream  is  solid  rock;  in  the 
upper  portion,  the  navigable  depth  at  low  water  sometimes  gets  down 
to  2^  ft.,  and  navigation  is  usually  suspended  during  the  winter  sea.son 
for  a  period  of  four  months  or  more  in  consequence  of  the  river  being 
frozen.  The  low-water  slope  averages  about  0..5  ft.  per  mile.  The  low- 
water  discharge  is  about  25  000  cu.  ft.  per  second,  and  the  high-water 
discharge  about  350  000  cu.  ft.  per  second.  High  water  generally 
comes  in  May  and  June,  and  the  low-water  season  usually  begins  about 
the  first  of  September  and  lasts  until  navigation  is  closed  by  ice. 

One  of  the  rapids  spoken  of,  near  Rock  Island,  111.,  1  575  miles 
above  the  mouth,  has  been  imj)roved  by  the  removal  of  rock  and  the 
concentration  of  the  volume  by  dikes  and  dams.  The  other,  above 
Keokuk,  la.,  1  445  miles  above  the  mouth,  is  surmounted  by  means 
of  a  canal,  with  8  miles  of  slack-water  navigation  and  three  locks,  with 
a  total  lift  of  18  ft. 

Second. — The  second  reach  extends  from  the  mouth  of  the  Missouri 
to  the  head  of  the  alluvial  basin  of  the  lower  river,  or  i>ractically  to 
the  mouth  of  the  Ohio,  a  distance  of  210  miles.  This  reach  is  the  first 
to  take  up  the  enormous  load  of  sediment  put  upon  it  by  the  Missouri 
River.  Here  permeable  dikes  are  at  their  best,  and  immense  deposits 
are  easily  induced  where  channel  contraction  is  desirable  to  increase 
the  depth.  The  banks  are  somewhat  higher  than  those  of  the  first 
reach,  and  the  effects  of  bank  erosion  are  more  noticeable.  The  ex- 
treme oscillation  between  high  and  low  water  near  the  upper  portion  of 
this  reach  is  some  36  ft. ;  the  low-water  slope  avei'ages  0.6  ft.  per  mile; 
the  low- water  discharge  is  about  45  000  cu.  ft.  per  second,  and  the  high- 
water  discharge  about  850  000  cu.  ft.  per  second.  At  low  water  the 
navigable  depths  on  the  bars  often  reach  as  low  as  4  ft.  Overflows 
are  not  very  frequent,  as  a  conjunction  of  the  floods  of  the  upjjer 
Mississippi  and  Missouri  Rivers  is  necessary  to  produce  an  overflow 
stage.  The  high-water  stages  iisually  occur  in  May  and  June,  and  the 
low-water  season  begins  early  in  Seijtember  and  continues  into  the 
winter  months. 

Sand  bars  are  numerous,  and  the  crossings  are  consequently 
frequent,  and  their  locations  are  constantly  shifting.  The  river 
washes  the  rocky  bluffs  on  one  side  or  the  other  a  greater  part  of  the 
distance,  and  at  Gray's  Point,  1  100  miles  above  the  mouth,  it  flows 
through  a  rocky  gorge  for  a  distance  of  7  miles.     At  the  lower  end  the 
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normal  conditions  are  often  complicated  by  back-water  from  floods  in 
the  Ohio,  which  causes  the  sediment  to  deposit,  and  this  is  a  prolific 
source  of  annoyance  to  navigation. 

This  reach  is  sometimes  frozen  over  for  a  month  or  so  during  the 
winter,  but  is  more  often  free  from  ice  throughout  the  year.  The 
Avhole  reach  partakes  much  of  the  character  of  the  Missouri  River. 

Third. — This  reach  extends  from  the  mouth  of  the  Ohio  to  the 
mouth  of  the  Red  River,  a  distance  of  750  miles.  Here  the  Ohio,  re- 
inforced by  the  Tennessee  and  Cumberland  Rivers,  comes  in  and  con- 
trols the  flood  conditions  of  the  lower  river.  The  Missouri  River  no 
longer  dominates,  except  in  its  mud;  the  bed  of  the  stream  is  now 
through  the  deposits  which  it  has  built  up  and  torn  down  repeatedly; 
at  a  few  points  the  river  is  held  in  check  where  it  strikes  the  blufts, 
liut  for  the  most  part  the  banks  yield  readily  to  the  eroding  power  of 
the  current.  At  one  place  a  straight  reach  becomes  excessively  wide, 
as  near  New  Madrid,  by  the  river  encroaching  first  on  one  bank  and 
then  on  the  other;  at  another  place  it  becomes  exceedingly  crooked,, 
as  near  Greenville  and  above,  by  the  continued  erosion  of  the  con- 
cave bank  and  the  building  out  of  the  point  opposite  the  bend.  The 
caving  reaches  enormous  proportions,  the  maximum  lying  in  about  the 
middle  third  of  the  reach;  the  oscillation  between  high  and  low  stages 
reaches  over  53  ft.  The  banks  are  high;  overflows  are  frequent;  the 
sand  bars  are  very  large  in  extent;  islands  and  towheads  are  numerous, 
and  the  width  of  the  river  here  reaches  the  maximum;  the  bars  which 
obstruct  low- water  navigation  are  not  very  numerous,  and  the  depth 
rarely  gets  below  5  ft.  on  these  bars,  while  by  far  the  greater  part  of 
the  reach  has  water  of  ample  depth  to  satisfy  all  demands  of  naviga- 
tion; the  river  is  rarely  obstructed  even  by  floating  ice;  low-water 
conditions  which  interfere  with  navigation  rarely  exceed  four  months 
in  duration,  and  now  and  then  entii'e  years  pass  without  any  serious 
interruption  to  navigation;  the  low-water  slope  averages  about  0.35 
ft.  per  mile;  the  floods  usually  come  in  February  or  March,  and  the 
low-water  conditions  from  September  to  December;  many  of  the  bends 
have  depths  of  over  100  ft.,  and  the  discharge  varies  from  65  000  cu. 
ft.  per  second  at  extreme  low  water  to  2  000  000  cu.  ft.  per  second  at 
extreme  high  water. 

The  work  of  maintaining  navigable  channels  through  the  crests  of  the 
bars  by  means  of  dredginghas,  so  far,  been  largely  confined  to  this  reach. 
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Fo^irtlt, —  The  fourth  reach  extends  from  the  mouth  of  the  Red 
River  to  the  Gulf  of  Mexico,  a  distance  of  310  miles.  In  this  portion 
of  the  river  the  channel  is  narrow  and  deep,  the  banks  tolerably  stable, 
and  sand  bars  as  obstructions  to  navigation  are  almost  unknown.  So 
far  as  navigation  is  concerned,  this  reach  requires  neither  contraction 
works  nor  dredging.  Nature  has  built  a  channel  which  man  vainly 
tries  to  imitate  in  the  reaches  lying  above.  Only  two  islands  exist  in 
this  reach,  and  the  last  gravel  bar  is  near  the  tipper  end  of  the  reach. 
The  upper  limit  at  low  water  is  only  3  ft.  above  mean  Gulf  level,  and 
the  tidal  effect  is  often  observed  over  the  whole  length  of  the  reach. 
The  first  practicable  outlet,  for  the  waters  coming  down,  is  through 
the  Atchafalaya  at  the  head  of  this  reach.  The  extreme  oscillation 
between  high  and  low  water  at  the  upper  end  of  the  reach  is  50.4  ft., 
and  this,  of  course,  tapers  down  to  zero  at  the  Gulf.  The  river  in  this 
reach  carries  the  burdens  of  all  the  tributaries  coming  from  a 
drainage  area  of  1  250  000  square  miles.  The  destructive  floods  in- 
variably come  from  the  Ohio  Basin,  augmented  at  times  by  the 
tributaries  below  the  mouth  of  tlie  Ohio  River. 

The  characteristics  of  the  reaches  described  are  pronounced,  and 
they  differ  so  Avidely  as  to  make  the  imjirovement  of  each  a  problem 
by  itself.  The  last-named  reach  should  perhaps  have  terminated  at 
the  Head  of  the  Passes  instead  of  at  the  Gulf,  12  miles  farther  down. 
Where  the  current  of  the  river  meets  the  slack  water  of  the  Gulf  of 
Mexico,  bars  are  formed  which  require  special  treatment. 

A  general  view  of  the  conditions  has  been  presented  in  order  to 
make  it  plain  that  the  problem  involves  different  treatment  in  different 
reaches  of  the  river. 

Sand  Bars  as  Obstructions  to  Navigation. — It  is  not  easy  to  find  a 
satisfactory  explanation  as  to  why  sediment  piles  up  in  ridges  instead 
of  being  distributed  evenly  over  the  bottom.  These  ridges  of  sand 
are  usually  found  on  what  steamboatmen  call  crossings  ;  that  is,  on 
the  path  followed  by  boats  when  crossing  from  a  pool  lying  in  a  bend 
along  one  bank  to  the  pool  in  the  bend  of  the  opposite  bank.  These 
bars  may  be  piled  up  to  such  an  extent  that  during  a  high  or  even 
medium  stage,  their  crests  may  be  actually  several  feet  higher  than 
the  surface  of  the  water  at  low  stage.  The  thread  of  the  channel  at 
high  stages  does  not  follow  the  low-stage  channel,  but  crosses  and  re- 
crosses  it. 
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The  first  effect  of  a  flood,  with  its  increasing  velocity,  is  to  erode 
the  bed  and  banks  and  add  the  material  to  the  load  already  carried  in 
suspension.  This  continues  uutil  the  crest  of  the  flood  is  reached  and 
the  decline  sets  in.  The  load  is  now  too  heavy  for  the  diminishing 
velocity  and  the  burden  is  rapidly  deposited  and  obstriictions  are 
formed  which,  later,  prove  serious  hindrances  to  navigation.  When  the 
river  reaches  a  low  stage  these  act  as  dams  to  hold  the  water  in  the 
pools.  The  slope  on  the  crossing  or  dam  is  thereby  increased,  and 
likewise  the  velocity.  The  ci-est  of  the  bar  consequently  cuts  out,  and 
if  this  cutting  is  confined  to  one  channel  a  good  navigable  depth  may 
be  the  result.  If  the  bar  is  wide  and  flat  there  will  probably  be 
several  insignificant  channels,  none  of  which  answer  the  purposes  of 
navigation.  These  must  be  concentrated  by  contraction  or  dredging, 
or  both. 

Fig.  1  shows  rather  a  complicated  case.  This  is  near  Point 
Pleasant,  Mo.,  about  80  miles  below  the  mouth  of  the  Ohio.  The 
general  course  of  the  river  in  this  section  is  straight  for  several  miles. 
The  width  is  unusually  great,  diie  to  erosion  of  both  banks.  The 
channel  consequently  is  shallow  and  shifting.  In  Fig.  1  the  pools  are 
shown  by  parallel  shading,  and  the  figures  indicate  the  depths.  The 
upjier  pool  comes  down  the  right  bank  and  terminates  at  A.  The 
problem  then  is  to  reach  the  pool  B  over  the  reef  which  separates  the 
two  pools.  When  that  point  is  reached,  navigation  to  the  lower  end  of 
the  pool  at  G  is  easy.  Then  comes  another  crossing  to  D,  followed  by 
a  narrow  broken  pool  to  L  Another  crossing,  and  the  fourth  pool  is 
reached  at  J.  Here  there  is  an  abvindance  of  water  to  M,  then  jump- 
ing a  short  reef  into  the  deep  pool  atiV^,  and  this  bad  stretch  of  naviga- 
tion is  passed.  Another  rovite  of  more  or  less  merit  might  have  been 
found  from  the  jjool  B-C  at  L  to  the  shore  jjool  at  K,  then  following 
this  long  i>ool  to  G  and  over  the  reef  to  H. 

Fig.  2  shows  a  simpler  ease  and  one  most  frequently  met.  The 
problem  is  simj)ly  to  cross  one  reef  lying  between  the  upper  and  lower 
pools.  Having  crossed  this,  the  depth  is  ample  for  several  miles  both 
above  and  below. 

The  problem  then  resolves  itself  into  opening  channels  through 
the  reefs  between  the  successive  pools.  As  a  rule,  the  pools  lie  in  the 
bends  and  the  channel  line  crosses  from  one  bank  to  the  other.  Dur- 
ing the  greater  i^art  of  the  year — say  about  nine  months — the  dei:)th  in 
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tlie  river  below  the  Ohio  is  ample  for  the  requirements  of  navigation. 
During  the  other  three  months  navigation  is  sometimes  practically 
suspended  in  the  third  reach  on  account  of  shallow  water.  Whatever 
is  done  in  the  way  of  opening  the  reefs  at  such  times  answers  for  one 
low-water  season  only.  The  next  flood  probably  changes  the  thread 
of  flow  to  such  an  extent  as  to  ci'oss  the  opened  channel  and  obliterate 
it  completely.     This  is  repeated  with  each  high  and  low  stage. 

So  far,  the  problem  seems  simple  enough.  The  only  thing  neces- 
sary is  to  open  a  cut  through  the  reef,  composed  principally  of  loose 
sand;  but  there  are  other  difficulties  familiar  only  to  the  engineer  who 
has  been  taught  by  long  observation  and  experience.  While  this 
artificial  cutting  is  going  on.  Nature  is  doing  some  cutting  on  her 
own  account,  but  on  such  a  gigantic  scale  that  the  work  of  the  largest 
centrifugal  pumps  seems  insignificant.  By  the  time  the  engineer  gets 
what  he  considers  a  dredge  of  enormous  capacity  into  position  to  open 
a  cut  from  A  to  B,  Nature  perhaps  changes  her  mind  and  opens  a 
channel  of  her  own  down  along  the  shore  to  K  (Fig.  1);  or,  what 
would  be  worse,  throws  such  a  volume  of  deposit  over  the  bar  A-B 
that  the  di'edged  cut  is  filled  as  fast  as  the  material  can  be  removed. 
It  is  this  tremendous  volume  of  material  that  is  moved  along  the 
bottom  by  the  current,  complicated  by  unforeseen,  subtle  changes  in 
direction  and  force  of  flow,  that  often  mocks  the  best  eftbrts  of  the 
engineer. 

That  the  difficulties  of  the  problem  are  not  generally  understood 
or  appreciated  is  manifest  from  the  many  simple  solutions  offered  by 
inventors.  Men  who  have  never  seen  the  river  are  prolific  in  devices 
for  remedying  all  defects  at  trifling  cost  of  time  or  money.  They  are 
by  no  means  alone  in  the  matter,  for  the  men  Avho  have  sjjent  a  life- 
time on  the  river  steamers  also  have  ideas,  sometimes  very  good  ones, 
which  they  have  developed  and  confided  to  the  Patent  Office.  One 
inventor  appeals  to  the  Secretary  of  War  for  some  "secret  position," 
where  he  can  study  the  currents  of  the  river  unobserved.  He  says  he 
has  a  "  nack  of  inventing,"  and  also  "  has  the  nack  of  getting  infor- 
mation."  Furthermore,  he  believes  there  is  some  "  sculluglery  " 
going  on  which  he  might  expose.  He  hesitates  about  giving  his  tal- 
ents to  the  world,  but  says  he  is  "willing  to  confide  in  the  Gov- 
ernment." He  further  says:  "Necessity  has  been  the  mother  of 
invention  with  me.     Hydraulic  engineers  may  oppose  and  discourage 
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my  project  and  design,  as  it  is  calculated  to  do  away  with  their  work." 
With  his  device,  "St.  Louis  would  be  a  port  for  loading  vessels  direct 
from  forriug  ports." 

The  necessity  for  some  suitable  device  for  the  removal  of  sand 
bars  has  long  been  felt.  Some  thirty  years  ago  a  board  of  engineers 
recommended  that  a  prize  of  .^100  000  be  offered  for  the  best  device 
for  removing  obstructing  sand  bars  from  navigable  streams.  Al- 
though Congress  did  not  carry  out  their  recommendation  by  making 
the  necessary  appropriation,  a  great  many  inventions  have  ap^jeared 

DREDGE   BOAT 

APPLICATION    OF   SCRAPERS 


UP-STREAM  END 


GREATEST  OBAUGMT  _ 


SECTION    OF 
SCRAPER 


W^^ 


FRONT  OF  SCRAPER  ' 
OR  DOWN  — STREAM  SIDE 


from  time  to  time  and  have  been  tendered  to  the  Government  for  use. 
A  description  of  some  of  these  may  be  of  interest. 

These  devices  can  be  divided  into   four  general  classes,  viz..  stir- 
i-iug  and  scraping,  current  deflectors,  jets  and  the  suction  dredge. 


Stirring  and  Scraping  Dkvices. 
(1)  About  the  earliest  application  of  this  principle  on  the  Missis- 
sippi was  in  1867,  when  it  was  decided  to  improve  Pass  a  Loutre  by 
means  of  excavating  and  stirring  or  harrowing  up  the  minute  alluvial 
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material  deposited  from  the  heavily  laden  waters  of  the  river.  In 
this  work  a  double-ended  dredge  boat,  having  an  excavating  screw 
with  four  blades  14  ft.  in  diameter,  was  used.  This  screw  was  similar 
to  an  ordinary  propeller  wheel  and  was  similarly  mounted.  It  was 
turned  by  means  of  a  double  engine  at  the  rate  of  60  revolutions  per 
minute.  It  reached  a  depth  2  ft.  below  the  keel.  The  work  of  the 
screw  was  made  more  effective  by  means  of  an  auxiliary  scraper  at- 
tached to  the  ui)-stream  end  of  the  boat  on  either  side  of  the  keel  (Fig. 
3).  The  boat  was  moved  down  stream  over  the  bar  with  the  screw 
operating  and  the  scrapers  in  position.  In  this  way  some  of  the  bar 
material  was  again  brought  into  suspension  and  carried  off  into  deep 
water  by  the  current. 

During  the  tirst  month's  work  with  this  dredge  the  depth  was  not 
materially  improved.  Later,  better  success  was  realized.  In  a  little 
less  than  two  months  the  depth  was  increased  from  11  to  17  ft.  The 
chief  difficulty  seemed  to  be  in  weak  propeller  blades,  which  were  fi*e- 
quently  broken  and  could  only  be  renewed  by  docking  the  vessel. 

This  device  was  intended  to  cut  out  and  maintain  a  20-ft.  channel 
through  the  bar  at  the  mouth  of  the  river. 

(2)  At  SouthAvest  Pass  the  same  result  was  expected  from  the  use 
of  conical  screws  attached  to  the  bow  of  a  suitable  boat.  These  cones 
were  20  ft.  long  and  5  ft.  in  diameter  at  their  bases.  They  were  set 
so  that  their  points  came  together  at  the  boat's  stem  and  their  bases 
were  separated  so  as  to  cover  a  width  of  20  ft.  from  out  to  out.  Their 
axes  were  horizontal,  the  salient  angle  they  formed  being  foremost. 
The  flanges  of  the  screws  were  12  ins.  wide  at  the  base  of  the  cones 
and  diminished  to  6  ins.  at  the  points. 

When  these  enormous  screws  were  put  in  motion  it  was  very  diffi- 
cult to  guide  the  boat.  The  material  was  readily  plowed  up,  but  it 
was  not  broken  sufficiently  fine  to  be  carried  away  by  the  current. 

(3)  In  1867  there  was  appropriated  the  siim  of  $96  000  for  the  con- 
sti'uction  and  operation  of  two  scrapers  or  dredges  on  the  upper  Mis- 
sissijapi,  between  St.  Paul  and  the  mouth  of  the  Illinois  River. 

The  first  eflforts  made  to  remove  sand  bars  by  means  of  the  scrapei-s 
invented  by  Col.  Long  was  in  the  fall  of  1867.  These  scrapers  consisted 
of  a  frame  attached  to  the  bow  of  a  boat  and  carrying  a  heavy  cross- 
bar, to  which  were  attached  6  steel  buckets  or  cutters.  This  frame 
could  be  raised  or  lowered  at  will.     In  operating,  the  boat  went  to  the 
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Tipper  side  of  a  reef,  the  scraper  was  lowered  and  the  boat  was  then 
backed  slowly  down  stream,  scraping  the  sand  with  it  down  to  deep 
water  below  the  reef.  This  operatioa  was  repeated  until  the  desired 
depth  was  obtained. 

Two  side-wheel  steamers,  the  Montana  and  the  Caffrey,  were 
equipped  with  these  scrapers  by  the  Government,  and,  for  a  time,  the 
steamboat  owners  operated  a  scraper  boat  between  Keokuk  and  St. 
Louis  at  their  own  expense. 

The  Montana  was  210  ft.  long,  35  ft.  beam  and  5.}  ft.  depth  of  hold. 
She  was  equipped  with  two  engines  having  20-in.  cylinders  and  7-ft. 
stroke.  The  Caffrey  was  150  ft.  long,  30  ft.  wide,  4^  ft.  hold,  with  a 
draught  of  32  ins.     She  had  15-in.  cylinders  with  5-ft.  stroke. 

This  last  boat  was  equipped  and  ready  for  work  in  October,  1867. 
Her  first  work  was  on  a  bar  near  Gray  Cloud,  17  miles  below  St.  Paul. 
Only  3i  ft.  could  be  carried  over  this  bar,  and  the  regular  packets 
could  not  cross  it.  After  about  four  hours'  work  with  the  scraper  the 
depth  was  increased  to  3^  ft.  entirely  across  the  bar.  The  scraping 
was  continued  for  two  days  and  a  depth  of  4  ft.  was  secured.  By 
November  15th  all-  the  bars  between  St.  Paul  and  Prescott  had 
been  scraped  and  the  depths  increased  to  SJ  or  4  ft.  At  that  date 
the  packet  companies  notified  the  engineer  in  charge  that  the  scrap- 
ing had  removed  all  obstructing  bars  and  that  no  more  work  was 
required. 

In  1868,  when  navigation  became  difficult,  the  scrapers  were  put 
into  commission  and  worked  throughout  the  season.  They  succeeded 
in  deepening  the  bars  from  8  to  18  ins. ,  and  this  was  generally  accom- 
plished with  a  few  hours'  work.  Beef  Slough  was  deepened  from  3J. 
ft.  to  4i  ft.  in  35  minutes. 

On  the  whole,  the  results  were  so  satisfactory  that  steamboat 
owners  announced  that  their  boats  had  been  making  regular  trips 
without  interruption,  "  a  condition  of  afi'airs  never  before  known  at 
this  stage  of  river  in  the  experience  of  pilots  of  35  years'  standing." 
The  largest  steamers  had  been  able  to  reach  St.  Paul  in  the  low-water 
season  during  two  successive  years,  when  without  the  aid  of  the  scrapers 
they  would  have  been  obliged  to  tie  up.     Steamboat  men  said: 

"  These  scrapers  can  be  relied  on  to  increase  the  depth  over  the 
crests  of  the  bars  at  low  water  from  8  to  12  ins.  This  nearly  doubles 
the  carrying  capacity  of  the  boats  now  in  use." 
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This  scraping  was  continued  for  several  years  at  a  cost  of  about 
$20  000  per  annum  for  each  steamer,  but  as  the  relief  was  only  tem- 
porary and  had  to  be  repeated  from  year  to  year,  it  finally  gave  place 
to  the  so-called  permanent  improvement,  consisting  mainly  of  channel 
contraction. 

It  should  be  borne  in  mind  that  in  the  portion  of  the  river  where  the 
above-described  scrapers  were  used,  the  obstructing  sand  reefs  are 
quite  short. 

(4)  An  "  excavator  for  water  courses  having  current  "  consists  of  a 
horizontal  shaft  attached  to  the  stern  of  a  suitable  boat,  and  fitted  with 
a  series  of  serrated  metallic  disks  40  ins.  in  diameter.  Each  disk  has 
29  cutters  or  teeth,  which  are  turned  alternately  in  opposite  direc- 
tions. These  disks  are  revolved  by  the  necessary  machinery,  at  the 
rate  of  100  revolutions  per  minute.  The  bar  to  be  removed  is  cut  out 
by  running  back  and  forth  until  the  required  depth  is  obtained.  It  is 
claimed  that  this  device  "  is  found  highly  efficient  in  raising  deposits 
in  channels  and  separating  the  earth  into  small  particles  so  that  it  may 
be  carried  oflf  by  the  current,"  and  that  the  amount  of  work  it  can  ac- 
complish in  a  given  time  is  "equal  to  that  of  249  common  bucket- 
dredging  machines. " 

It  is  well  to  note  that  these  claims  are  not  based  on  actual  trial  in 
practical  work. 

(5)  A  "submarine  plow,"  attached  by  means  of  timbers  to  the  sides 
of  a  boat,  aims  to  plow  out  a  furrow  in  the  bar.  Spiral  springs  are  at- 
tached to  the  timbers  holding  the  plow  so  as  to  force  it  down  to  its 
work,  and  so  that  it  will  adapt  itself  to  any  irregularities  of  the  bottom. 
The  efficiency  of  the  plow  is  increased  by  water-jets  forced  into  the 
furrow  for  the  purpose  of  breaking  up  and  scattering  the  deposit 
moved  by  the  plow.  Beyond  this,  the  current  is  relied  on  to  carry  the 
deposit  to  deep  water. 

(6)  A  "  channeler,"  consisting  of  a  horizontal  revolving  drum  made 
of  boiler  iron,  with  a  series  of  plows  and  scrapers  attached  to  its  con- 
vex surface,  is  conspicuous  among  the  earlier  inventions.  The 
revolving  drum  is  40  ft.  long,  and  is  suspended  by  journals  near  its  ex- 
tremities. It  is  revolved  by  means  of  two  35-H.-P.  engines,  which 
operate  the  drum  through  gear  wheels  acting  on  a  large  cog  wheel  en- 
circling the  drum  half  way  between  the  ends. 

The  scrapers  are  set  spirally  on  the  drum  for  the  purpose  of  carry- 
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ing  the  material  outwardly  each  way  from  the  middle.  When  the 
material  reaches  the  end  of  the  drum  it  is  supposed  that  the  current 
will  take  it  up  and  carry  it  away,  leaving  a  clear  cut  equal  to  the  length 
of  the  drum.  The  drum  and  its  shaft  are  attached  to  the  stern  of  a 
boat.  In  this  case  the  attachment  is  rigid,  and  the  depth  is  adjusted 
by  means  of  water-tight  compartments  in  the  boat  which  can  be  filled 
and  pumped  out  at  will. 

In  operating  this  device  the  boat  is  dropped  down  on  a  bar  with 
bow  end  upstream.  The  drum  is  then  made  to  revolve  as  the  boat 
moves  down  on  the  reef.  By  means  of  anchors  and  lines  attached  to 
windlasses,  the  boat  is  drawn  stern  foremost  down  across  the  bar 
as  rapidly  as  the  scrapers  on  the  drum  loosen  up  and  remove  the 
deposit.  It  was  supposed  that  the  excavated  material  would  be 
thrown  from  the  ends  of  the  drum  with  sufficient  force  to  carry  it 
entirely  free  from  the  cut,  and  it  was  estimated  that  in  sand  this 
device  could  make  a  cut  40  ft.  wide  and  3  ft.  deep  at  the  rate  of  150  ft. 
per  hour. 

In  moving  from  one  bar  to  another  the  drum  is  used  to  propel  the 
boat,  which  in  this  way,  it  was  claimed,  could  travel  at  the  rate  of  8 
miles  per  hour.  The  estimated  cost  of  a  craft  of  this  kind  was  $25  000. 
A  crew  of  12  men  was  required  to  operate  it. 

Like  many  others,  the  merits  of  this  device  were  never  tested  by 
actual  work  on  sand  bars. 

(7)  Another  "scraper"  consists  of  two  arms,  each  80  ft.  long, 
placed  parallel  to  each  other  and  hinged  at  their  middle  points  on  the 
stern  overhang  of  a  side-wheel  steamer.  At  the  outer  extremities  of 
these  arms  is  fastened  a  cross-beam,  to  which  is  hinged  the  scraper 
backing,  which  is  rectangular  in  shape  and  made  of  boiler  iron  prop- 
erly stiffened.  Several  scoop-shaped  scrapers  and  plows,  placed 
alternately,  are  attached  to  the  lower  edge  of  the  backing.  From  each 
end  of  this  cutter  a  chain  leads  to  the  steamer,  for  the  purpose  of  tak- 
ing up  the  strain  and  regulating  the  inclination  of  the  scrapers.  The 
scraper  is  raised  or  lowered  by  tackle  leading  from  the  inboard  end  of 
the  arms  to  a  drum  on  the  deck  of  the  steamer. 

With  this  scraper  the  boat  moves  over  the  bar  from  its  up-stream 
side  and  with  head  down  stream.  The  sand  is  thus  scraped  down  to 
the  deep  water.  The  operation  is  repeated  until  sufficient  depth  is 
obtained. 
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(8)  "A  steam  circular  sand  bar  dredger"  was  brought  to  public 
notice  in  1878.  This  machine  commended  it»elf  on  "account  of  its 
practicability."     With  it,  the  inventor  says: 

' '  There  is  no  need  of  costly  engineering  and  surveys,  no  examina- 
tions to  be  made  and  no  commissioners  to  report  on  what  is  necessary 
to  be  done.  As  a  sand  bar  dredger  it  is  invaluable;  commencing  at  the 
lower  edge  of  a  sand  bar  by  lowering  the  wheel  to  the  required  depth, 
a  channel  may  be  cut  through  in  a  remarkably  short  space  of  time,  the 
current  of  the  river  carrying  away  the  sand  displaced  by  the  revolving 
toothed  wheel." 

This  machine  was  also  intended  for  opening  channels  through  ice. 
It  was  claimed  that  it  could  cut  its  way  through  solid  ice  2  to  3  ft. 
thick  at  the  rate  of  4  to  6  miles  an  hour,  and  thus  open  a  channel  wide 
enough  for  steamboats. 

"The  harbors  of  the  world  heretofore  closed  by  ice  from  3  to  5 
months  in  the  year  can  be  kept  ojjen  so  that  ships  can  go  to  sea  every 
day  in  the  year."  "  One  of  these  boats  on  each  canal  level  would  keep 
them  open  to  commerce  during  the  winter." 

Offers  were  made  to  "  guarantee  "  10  ft.  of  water  in  the  channel  of 
the  Mississijipi  River  from  St.  Louis  to  Cairo  in  the  driest  season,  with 
one  ' '  dredger  "  costing  ^40  000. 

"  The  advantages  of  this  invention  to  the  commerce  of  the  Avorld  is 
beyond  computation." 

(9)  Another  scraping  device  consists  of  a  steel  hull  with  a  wedge- 
shaped  prow,  with  auxiliary  wings  attached.  This  was  intended  to 
act  something  like  a  huge  snow-j)low,  the  wings  or  deflectors  being 
designed  to  carry  the  loosened  material  far  out  each  way  from  the  cut. 
Jets  were  also  provided  to  loosen  up  the  material. 

In  actual  operation  the  hull  is  sunk  to  the  bottom  by  admitting 
water,  and  is  then  pulled  up  stream  by  powerful  towboats.  The  wedge- 
shaped  prow  buries  itself  in  the  sand,  which  is  pushed  along  as  the  boat 
is  moved,  and  finally  finds  its  way  out  to  the  ends  of  the  deflectors. 
In  moving  from  one  bar  to  another,  the  boat  is  first  floated  by  pump- 
ing the  water  out.     This  is  a  comparatively  new  device. 

(10)  Another  comjaaratively  recent  device  consists  of  a  gigantic 
harrow  having  a  water-jet  at  the  extremity  of  each  tooth.  The  i^ress- 
ure  chamber  forms  the  frame  of  the  harrow.  This  harrow  was  to  be 
attached  to  the  bow  of  a  boat  and  be  provided  with  suitable  rigging 
and  winches  by  means  of  which  it  could  be  raised  or  lowered  at  will. 
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(11)  A  diflferent  design,  or,  as  the  inventor  calls  it,  "Means  for  deep- 
ening the  channels  of  rivers,"  consists  of  four  "circular  plows,"  or 
agitators,  revolving  on  vertical  shafts  passing  through  the  hull  and 
operated  by  the  necessary  driving  engines  and  gearing.  Each  screw 
can  be  raised  or  lowered  independently,  as  required.  These  screws  are 
intended  to  loosen  up  the  material,  and  the  natural  current  is  supposed 
to  do  the  rest.  The  forward  pair  of  screws  are  smaller  than  the 
others,  for  the  piirpose  of  first  opening  a  small  channel,  which  is 
widened  by  the  two  which  follow.  The  boat  is  moved  back  and  forth 
until  the  required  depth  is  reached. 

It  was  claimed  that  four  boats  equipped  in  this  way  could  make  and 
keep  open  a  channel  10  or  12  ft.  deep  between  St.  Louis  and  Vicksburg. 

(12)  An  "  excavator,"  similar  to  that  described  in  Section  10,  is  at- 
tached to  the  bow  of  a  boat,  and  has  vertical  shafts  with  scrapers  at 
the  lower  end  which  are  revolved  by  means  of  belts.  The  depth  of 
the  shafts  is  regulated  by  a  screw  at  the  upper  end  of  each.  This 
device  also  relies  on  the  current  to  carry  off  the  loosened  material. 
The  inventor  says  that  "The  revolving  cutters  cut  up  the  material 
and  churn  and  stir  it  to  a  considerable  extent,  so  that  it  will  be  carried 
away  by  the  current. " 

(13)  Another  "  channel  plow  "  inventor  has  a  device  which  he 
claims  will  produce: 

"A  mean  smooth  bottom,  circular  in  form  and  non-resisting,  which 
will  be  of  suflScient  width  and  depth  to  contain  and  carry  off  within 
banks  the  greatest  floods,  resulting  in  the  disappearance  of  all  snags, 
sawyers  and  bars." 

It  will  "Provide  a  steady  flow  of  tranquil  waters  at  all  seasons  and 
stages."  It  will  cause  a  "  Total  cessation  of  overflows  and  the  conse- 
quent reclamation  of  many  river-bottom  lands,  and  that,  too,  without 
the  aid  of  levees." 

This,  certainly,  covers  the  whole  ground.  The  earnest  efforts  of 
all  hydraulic  engineers  interested  in  river  improvement  are  directed 
toward  the  accomplishment  of  the  results  set  forth,  but  none  of  them 
are  as  confident  of  success  as  the  inventor  seems  to  be. 

(14)  One  of  the  latest  devices  offered,  to  solve  the  problem  of  re- 
moving sand  bars,  is  made  in  the  form  of  a  conveyor  such  as  used  in 
mills  and  elevators,  but,  of  course,  much  larger  in  size.  This  spiral 
or  screw  has  blades  several  feet  wide,  attached  to  a  hollow  shaft,  and 
is  made  up  in  sections  10  ft.  in  length.     These  sections  are  strung  on 
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a  steel  spindle  until  the  whole  screw  is  of  sufficient  length  to  reach 
across  the  bar.  To  utilize  this  device,  it  is  dropped  down  over  the  bar, 
and,  when  in  proper  position,  it  is  held  in  place  by  means  of  anchors 
or  piles  connected  with  wire  cable  to  the  upper  end  of  the  spindle. 
It,  of  course,  trails  down  stream  parallel  to  the  current,  and  the 
pressure  of  the  current  against  the  blades  causes  the  screws  to  rotate. 
In  this  way  the  sand  is  loosened  up  and  conveyed  to  the  pool  below 
the  bar. 

All  the  power  required  in  this  case  is  derived  from  the  current,  and 
as  the  screws  themselves  are  comparatively  inexpensive,  this  would  be 
a  very  economical  method  of  cutting  down  bars  if  the  inventor's  ideas 
of  efficiency  were  realized. 

(15)  A  simple  arrangement,  intended  to  make  each  boat  independ- 
ent of  outside  aid  when  shoal  water  is  encountered,  is  that  in  which 
the  hull  of  the  boat  is  provided  with  wings,  which,  when  not  in  use, 
fold  closely  against  the  sides.  On  approaching  a  shoal  the  wings  are 
opened  and  a  portable  dam  is  thus  formed  which  raises  the  water; 
and  this,  in  addition  to  the  pressure  on  the  wings,  enables  the  boat  to 
ride  safely  over  what  would  otherwise  be  an  impassable  barrier. 

(16)  The  "automatic  sand  dredger  "  consists  of  a  stern-wheel  boat 
to  which  is  attached  a  horizontal  shaft  bearing  a  number  of  cutting 
disks,  constituting  a  dredging  wheel.  The  extremities  of  this  wheel 
shaft  are  connected  by  bars  to  a  shaft  extending  across  decks  near  the 
bow  of  the  boat.  A  convenient  hoisting  drum  serves  to  raise  and  lower 
the  cutter.  The  cutter  has  considerable  weight,  and  the  hooked  cut- 
ters penetrate  the  sand,  which  is  loosened  and  lifted  up  where  the 
current  catches  it.  As  the  boat  is  moved  over  the  bar  with  the  cutter 
lowered,  the  cutter  wheels  roll  along  the  bottom. 

(17)  Another  scraping  device  consists  of  a  suitable  boat  provided 
with  two  long  parallel  booms  or  spars  across  decks  about  amidships. 
These  booms  project  about  50  ft.  out  from  the  sides  of  the  boat.  The 
ends  of  the  booms  are  braced  and  are  supported  by  guy  lines  leading 
to  a  central  mast,  and  also  a  second  pair  of  guys  leading  to  the  bow 
and  stern  of  the  boat.  The  wings  are  hinged  on  each  side  of  the  boat 
to  the  forward  boom.  They  extend  from  the  side  of  the  boat  out  to 
the  end  of  the  boom,  and  are  wide  enough  to  reach  the  bottom  when 
let  down  on  a  bar  which  it  is  desired  to  deepen.  The  lower  edge  of 
these  wings  is  weighted  and  provided  with  teeth  or  plows  which  pene- 


OCRERSON   ON   DREDGES  AND    DREDGING.  231 

trate  and  stir  up  the  material.  Guy  lines,  leading  from  the  lower  edge 
of  the  wing  to  winches  on  deck,  serve  to  hold  the  teeth  in  contact  with 
the  bottom.  When  not  in  operation  the  wings  are  lifted  up  flush  with 
the  deck  by  means  of  tackle  attached  to  the  rear  boom. 

In  operating  this  device,  the  boat  moves  down  stream  over  the  bar, 
carrying  the  sand  with  it  over  the  reef.  The  current  acting  on  the 
wings  helps  the  boat  along.  This  operation  is  repeated  until  the  de- 
sired depth  is  secured. 

(18)  Another  device  is  a  "dredging  machine  "  for  use  in  "working 
out  the  channels  of  rivers  and  in  removing  sedimentary  formations 
from  the  beds  of  running  streams."  The  agitators  are  called 
"wipers."  These  agitators  are  attached  to  the  stern  of  a  side-wheel 
boat  and  are  operated  by  means  of  bevel  gears  so  arranged  as  to  re- 
volve the  wipers  in  opposite  directions.  They  are  hung  on  a  cross- 
shaft  which  admits  of  their  being  raised  or  lowered.  The  wipers  are 
made  with  spiral  flukes,  so  that  the  lower  points  will  enter  the  deposit 
first  and  then  draw  it  upward,  thus  lifting  it  from  the  bottom,  and  dis- 
integrating it  so  that  the  current  can  carry  it  away.  The  number  of 
agitators  will  depend  on  the  magnitude  of  the  work.  The  boat  is  to 
be  moved  back  and  forth  over  the  bar,  with  the  agitators  at  work,  until 
the  required  depth  has  been  obtained. 

(19)  A  ship's  drag  for  dredging  rivers  is  a  device  to  be  attached  to  a 
steamboat  or  barge  and  dragged  over  the  bar  to  be  <Ieepened.  The 
teeth  rake  and  stir  up  the  bottom  to  such  an  extent  that  the  current 
carries  the  material  away.  The  teeth  of  the  drag  are  rounded  in  front 
and  have  a  groove  in  the  back.  The  object  of  this  groove  is  to  form 
an  eddy  and  thus  aid  in  keeping  the  matter  in  suspension  until  the  cur- 
rent takes  it  up.  The  frame  holding  the  teeth  can  be  separated  into 
several  jointed  parts  by  means  of  hinges,  and  in  this  way  the  scraper 
will  conform  to  the  shape  of  the  ground  over  which  it  moves. 

Current  Deflectors. 

(1)  The  most  pretentious  of  current  deflectors  is  a  "Machine  for 
Deepening  River  Channels,"  invented  in  1879.  The  object  of  this  ma- 
chine is  to  "deflect  the  current  of  a  river  downward,  and  thus  cause 
the  said  current  to  deepen  the  channel."  This  consists  of  a  boat  to 
which  is  attached  a  triangular  box  which  can  be  lowered  to  a  point 
near  the  bed  of  the  stream,  the  axis  of  the  box  being  at  right  angles  to 
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the  boat  and  to  the  current.  The  up-stream  edge  of  the  box  has  flanges 
for  regulating  the  flow. 

In  oiaerating  this  machine  it  is  moved  across  the  bar,  either  ujj  or 
down  stream.  The  current  strikes  against  the  inclined  side  of  the  box 
and  is  thereby  deflected  downward,  Avhich  causes  it  to  impinge  against 
the  bed  of  the  river  and  wash  away  the  sand  to  a  considei'able  depth. 
In  case  the  bed  is  composed  of  clay  not  easily  abraded,  it  is  first 
loosened  by  means  of  a  revolving  toothed  cylinder,  and  then  carried 
away  by  the  deflected  current.  The  boat  is  held  in  position  against 
the  current  by  means  of  arms  pivoted  to  the  sides,  the  lower  ends 
resting  on  the  bottom.  A  wheel  in  front  of  the  device  is  of  sufti- 
cient  diameter  to  show  above  water  when  resting  on  the  bottom.  The 
object  of  the  wheel  is  to  bring  np  samples  of  the  bottom  of  the  river 
so  that  the  "  engineer  may  know  the  exact  kind  of  bottom  there  is  at 
each  point,"  and  conduct  his  oi^erations  accordingly. 

The  device  is  further  provided  with  a  graduated  disk  attached 
rigidly  to  the  arms  supporting  the  triangular  box.  To  the  center  of 
the  disk  is  pivoted  a  weighted  pointer  which  will  always  hang  vertical 
and  hence  show  the  inclination  of  the  box  supports  and  conse- 
quently the  dejith  of  water.  The  inventor  also  provided  an  automatic 
recording  device  which  would  plat  the  profile  of  the  bottom  as  the 
boat  passed  over  it. 

In  moving  from  one  bar  to  another  the  deflecting  box  is  to  be  raised 
above  the  surface  of  the  water  by  means  of  lines  attached  to  the  rear 
arms.    ,  Just  how  this  is  to  be  accomplished  is  not  clear. 

(2)  Another  device  for  deflecting  the  current  downward  on  the  bed 
of  the  stream  is  styled  a  "dredger,"  and  is  described  as  a  "simple, 
inexpensive  and  efficient  device  for  deepening  the  channels  of  rivers, 
removing  sand  or  mud  therefrom  and  for  preventing  the  formation  of 
sand  bars."  These  desirable  results  are  accomplished  by  means  of 
several  parallel  plates  of  different  lengths  which  are  set  at  an  angle 
with  the  vertical,  but  having  the  lower  edge  of  the  plates  in  the  same 
plane.  These  plates  are  securely  held  in  a  suitable  frame,  and  the 
whole  is  supported  on  short  legs. 

This  frame,  with  the  attached  plates,  is  set  on  the  bottom  of  the 
stream  with  the  jilates  inclined  up  stream.  The  current,  in  striking 
the  plates,  is  deflected  downward,  and  thus  produces  a  scouring  effect 
on  the  bottom.      When  sufficient  depth  has  been  secured  it  is  mored 
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to  a  new  position.  The  size  and  number  of  these  devices  to  be  used 
is,  of  course,  governed  by  the  magnitude  of  the  channel  desii'ed.  The 
device  is  to  be  handled  from  suitable  boats  or  barges.  A  device  simi- 
lar to  this  was  used  in  the  improvement  of  the  South  Pass  with  some 
success. 

If  it  is  desired  to  erode  a  bank  the  device  is  turned  on  edge  so  as  to 
throw  the  current  against  the  bank.  To  prevent  the  formation  of  sand 
bars,  this  inventor  says  that  all  that  is  needed  is  to  suspend  near  the 
bottom  V-shaped  plates  with  perforations  at  the  angle.  The  current 
caught  by  the  open  arms  of  the  plate  will  escape  through  the  perfora- 
tions with  force  enough  to  keep  the  sand  on  the  move. 

(3)  Another  "  device  for  regulating  the  flow  of  streams,"  deepening 
the  channels  and  removing  obstructions  is  also  intended  to  deflect  the 
current  downward  against  the  bottom.  It  consists  of  a  frame  having 
a  suitable  number  of  cross-bars  to  divide  the  interior  space  into  cells 
of  proper  size,  depending  on  the  magnitude  of  the  stream.  The  upper 
surface  of  the  frame  and  cross-bars  are  filled  with  teeth,  which,  to- 
gether with  the  cells,  obstruct  the  even  flow  of  the  water  and  produce 
a  "  violent  suction  or  eddy  in  the  current."  This  increases  the  mo- 
mentum or  gravity  of  the  water  and  causes  it  to  "force  itself  vio- 
lently" through  the  orifices  between  the  cross-bars  and  thus  chum  up 
and  wash  away  the  bed  of  the  river.  In  this  way  the  sediment  com- 
posing the  bottom  is  agitated  to  such  an  extent  that  the  stream  is  com- 
pelled to  take  it  up  and  carry  it  away  in  suspension. 

The  device  can  be  made  in  any  number  of  sections  joined  together 
^3J  chains  and  anchored  to  the  bottom  of  the  river.  In  this  way,  it  is 
said,  bars  can  be  prevented  from  forming  and  the  bod  of  the  river  can 
be  depressed  to  any  desired  extent. 

It  is  perhaps  well  to  note  here  that  the  principle  involved  in  the 
foregoing  devices,  and  which  is  relied  upon  to  erode  the  bottom,  is  to  be 
found  in  several  other  devices  where  it  is  expected  to  induce  deposit. 
If  the  current  can  be  deflected  downward  and  erosion  produced,  then 
a  barge  anchored  over  a  reef  should  produce  similar  results,  as  the 
current  striking  the  end  rake  would  be  deflected  downward.  In 
practice,  it  is  a  well-known  fact  that  a  barge  anchored  in  shallow 
water  will  very  soon  cause  the  sediment  to  deposit.  In  dredging,  the 
plant  is  never  left  in  the  cut  for  any  great  length  of  time  when  the 
pumps  are  not  in  operation.     If  a  break-down  occurs  which  necessi- 
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tates  extensive  repairs,  the  plant  is  swung  out  of  the  cut  so  that  the 
current  may  have  free  access  to  it. 

Nearly  all  the  current  deflectors  proposed  are  intended  to  deflect 
the  current  laterally,  and  for  this  purpose  inventors  have  brought  out 
jetties  of  various  kinds. 

(4)  A  simple  and  efiicient  jetty  deflector  is  made  by  driving  piling 
along  the  desired  line  at  intervals  of  about  20  ft.  On  the  up-stream 
side  of  the  piling  small  flat  boats  16  by  40  ft.  in  size  are  lashed  in  a 
continuous  row.  Corrugated  steel  aprons  10  x  10  ft.  in  size  are  hung 
over  the  ujjper  side  of  the  flats  at  a  considerable  angle  with  the  river 
bed,  to  allow  for  straightening  up  as  the  bottom  scoiirs  out.  The 
corrugated  sheets  of  steel  are  stiffened  by  three  angle-bars  of  3  x  3-in. 
section  firmly  riveted  to  each  sheet.  The  jetty  is  also  constructed 
without  the  boats  by  attaching  to  the  piling  a  stringer  on  which  the 
plates  are  hung. 

This  jetty  has  been  used  with  success  between  the  Missouri  and 
Ohio  Rivers.  Twelve  hundred  feet  of  jetty  was  built  in  one  locality  in 
four  days  with  a  force  of  twenty-two  men.  It  cost  about  $2  per 
running  foot.  The  efiect  M'as  almost  immediate.  The  water  was 
deepened  from  4  ft.  to  7  ft.  with  a  fall  of  1  ft.  in  the  stage  of  the 
river.  * 

A  similar  jetty  has  been  i^roposed  with  the  substitution  of  canvas 
for  the  steel  j)lates  and  omitting  the  use  of  the  flats.  In  this  device  it 
is  proposed  to  make  a  curtain  of  canvas,  say  15  ft.  wide  and  100  ft.  long; 
one  edge  and  the  seams  to  be  reinforced  by  sewing  in  hemp  rope  of 
suitable  size  with  good  lashings  at  the  edge.  At  the  other  edge  a  chain 
is  to  be  lashed  to  the  canvas  as  a  sinker.  The  whole  is  rolled  up  like  a 
reefed  sail.  In  order  to  use  it,  the  piling  is  driven  as  before.  The  roll 
of  canvas  is  stretched  across  the  up-stream  side  of  the  piling  above 
water  and  lashed  at  each  pile.  When  everything  is  ready  the  reef  lash- 
ings are  to  be  cut  and  the  weighted  edge  causes  the  canvas  to  unroll 
and  sink  to  the  bottom.  The  flexibility  of  the  chain  insures  a  close 
contact  with  the  bottom.  As  many  lengths  of  curtain  can  be  used  as 
may  be  found  necessary. 

(5)  Similar  deflectors  are  made  portable  by  means  of  double-hull 
boats  which  admit  of  dropping  sheet-piling  down  between  the  hulls. 
When  it  is  desired  to  deflect  the  current,  or  cut  off  a  side  chute,  a  num- 

*  Report  of  Chief  of  Engineers,  U.  S.  A.,  for  1896. 
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ber  of  these  boats  are  placed  ia  position,  end  to  end,  until  sufficient 
length  is  obtained.     These  are  known  as  the  King  jetties. 

(6)  Another  way  of  accomialishing  the  same  result  is  by  means  of 
steel  barges  of  suitable  length,  known  as  the  Marsh  jetties,  which  are 
designed  to  sink  by  filling  with  water.  The  ends  are  wedge-shaped 
and  the  sides  are  straight,  so  that  one  boat  may  be  lapped  and  fastened 
to  the  next,  and  so  on  until  sufficient  length  has  been  obtained.  In 
this  way  the  current  will  be  effectually  deflected  to  the  channel  which 
requires  deepening. 

When  the  desired  results  have  been  obtained  the  water  is  pumped 
out  of  the  hulls,  which  are  thus  floated  and  are  then  ready  for  another 
bar  (see  Fig.  4). 

(7)  Another  inventor,  somewhat  earlier  than  the  last  named,  hit  upon 
a  wooden  sinkable  deflector  and  plow,  by  means  of  which  the  "  Sand, 


Fig.  4. 


sediment,  etc. ,  at  the  bottom  of  the  river  will  be  sufficiently  irritated 
to  enable  the  current  to  carry  it  ofi". "  The  jetties  consist  of  strong 
wooden  boats  triangular  in  cross-section,  the  apex  of  the  triangle  form- 
ing the  keel.  These  boats  are  designed  to  be  from  500  to  600  ft.  long. 
The  plan  would  also  be  triangular,  the  greatest  Avidth  being  in  the 
middle  and  then  tapering  off  toward  each  end,  which  terminates  in  a 
strong  timber  head.  The  upper  portion  is  open,  with  occasional  cross- 
bracing.  In  order  to  use  this  jetty  it  is  towed  to  the  point  desired  and 
then  sunk  by  filling  it  with  water. 

In  order  to  secure  the  required  length  several  may  be  sunk  with  a 
slight  overlap.  In  this  way  the  current  is  supposed  to  be  deflected  so 
as  to  cut  out  bars,  or  even  make  a  cut-oft'  if  required.  When  the  work 
is  done  the  jetties  are  floated  by  pumping  out  the  water.  It  is  claimed 
that  they  can  be  "  raised  and  removed  in  two  hours." 
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An  attachment  termed  a  plow  is  applied  to  the  towboat  which 
handles  the  jetties.  Its  function  is  to  loosen  up  the  hard  material  so 
that  the  current  from  the  jetties  can  get  hold  of  it  and  carry  it  away. 
This  plow  can  be  raised  or  lowered  at  will,  by  suitable  winches  which 
are  provided  for  that  work.  It  is  claimed  that  by  the  use  of  these 
devices  rivers  can  be  plowed  to  a  depth  of  30  ft. 

(8)  Some  inventors  have  directed  their  energies  toward  the  use 
of  material  at  hand.  One  of  the  earliest  of  this  kind  of  deflector 
was  made  of  huge  trees  with  branches  intact,  and  sunk  in  the 
desired  place  by  means  of  heavy  weights  attached  to  the  butts,  while 
the  tops  were  free  to  take  the  direction  of  the  current.  A  row  of  such 
trees  are  sunk  side  by  side,  and,  if  need  be,  others  are  added  on  top. 
This  is  not  intended  to  stop  the  flow  to  such  an  extent  as  to  form 
eddies,  but  suflBcient  to  silt  up  the  stream  at  or  below  the  dam  and 
deflect  the  water  to  the  desired  channel,  and  cut  out  the  bar  against 
which  the  current  is  directed. 

(9)  Another  inventor  uses  similar  trees  in  a  different  manner, 
which  he  claims  ' '  Is  founded  on  natural  and  therefore  correct  prin- 
ciples, to  correct,  widen,  deepen  and  confine  the  channels  of  the 
rivers." 

In  this  system  the  trees  are  sunk  as  before,  but  the  tops  must  be 
placed  up  stream  to  catch  the  small  drift  and  sand,  which  very  soon 
accumulates  and  fills  up  the  dike.  The  trees  may  be  held  in  place  with 
piling.  This  jetty  is  intended  to  induce  rapid  deposit,  which  soon 
forms  around  the  trunks  of  the  trees,  "  Firmly  anchoring  them  to  the 
bottom  ;  the  branches  are  next  surrounded  and  covered  by  sand,  com- 
pleting by  a  natural  process  the  indestructible  and  impregnable  dam." 

Watek-Jets  and  AuxrLiABY  Devices. 

Several  jet  devices  have  been  proposed  which  aim  to  make  each 
steamboat  independent  of  any  general  improvement  of  the  channel  by 
providing  suitable  jets  which  will  enable  the  boat  to  work  its  own  way 
through  the  bars. 

(1)  One  of  these  jet  devices  consists  of  two  double-acting  pumps 
which  force  water  through  twenty-eight  3-in.  nozzles  arranged  symmetri- 
cally about  the  bow  of  the  boat.  On  reaching  a  shallow  bar,  the  force 
pumps  are  started,  the  jet  valves  are  opened,  and  the  boat  is  pushed 
ahead  as  the  sand  yields  to  the  eroding  force  of  the  jets.     In  this  way 
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the  boat  carries  a  pool  with  her  across  the  reef,  and  at  the  same  time 
will  probably  improve  the  depth  for  the  boat  that  follows. 

(2)  Another  device  aimed  to  accomplish  the  same  result  with  a  dif- 
ferent kind  of  pump  and  a  different  arrangement  of  the  jets.  It  was 
claimed  for  this  invention  that  its  use  would  make  channel  improve- 
ments with  dredges,  contraction  or  other  means  entirely  unnecessary. 
By  this  scheme  each  steamboat  was  to  be  equipped  with  a  centrifugal 
pump  with  a  capacity  of  about  2  000  galls,  per  minute.  The  discharge 
pipe  was  designed  to  run  the  whole  length  of  the  hull  along  the  center 
truss.  The  jets  emanating  from  this  pipe  were  arranged  to  discharge 
along  the  lower  line  of  the  hull  directly  on  the  sand.  The  jet  nozzles 
were  arranged  so  that  they  could  direct  the  stream  either  forward  or 
backward,  so  as  to  always  act  with  the  current,  whether  the  boat  were 
going  up  stream  or  down. 

When  the  boat  reached  a  bar  the  pump  was  to  be  started  and  the 
jets  opened,  the  boat  being  constantly  forced  ahead  until  finally  car- 
ried over  the  reef.  The  estimated  cost  of  this  attachment  was  only 
$3  000  for  each  boat,  while  the  cost  of  delays  in  a  single  trip  caused 
by  grounding  might  readily  exceed  this  amount. 

In  urging  the  utility  of  this  method  the  inventor  makes  the  follow- 
ing statement  : 

"It  cannot  be  expected  that  the  Government  will  every  year  spend 
thousands  of  dollars  to  remove  sand  bars  which  re-form  at  every 
flood.  Those  interested  in  river  navigation  ought  to  make  themselves 
independent  of  such  obstructions  and  of  Government  aid,  but  they  will 
not  entertain  the  idea  until  forced  to." 

Admitting  that  these  devices  would  enable  a  single  boat  to  force 
its  way  through  obstructing  sand  bars,  there  still  remains  the  great 
bulk  of  traflBc,  which  moves  in  barges  that  cannot  be  carried  over  by 
the  methods  jn-oposed. 

(3)  Another  jet  device,  intended  to  remove  the  obstructing  bar,  is 
called  a  "Submarine  plow  or  hydraulic  apparatus  for  removing  sand 
bars."  It  consists  of  several  jet  pipes  fixed  to  a  drag  frame  which  is 
pivoted  to  the  bow  or  stern  of  a  suitable  boat.  Each  pipe  terminates 
in  three  jets,  one  of  which  points  downward  and  loosens  the  material, 
while  the  other  two  are  bent  so  as  to  pick  up  the  loosened  material 
and  carry  it  upward  where  the  current  will  take  it  and  move  it  along. 
The  combined  force  of  the  current  and  the  jets  carries  the  particles  of 
sand  some  distance  before  they  come  to  rest.     The  curve  of  each  jet 
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pipe  is  filled  in  with  a  web,  so  that  if  it  strikes  a  log  or  other  ob- 
struction it  will  slide  over  it  without  catching.  The  whole  device  is 
provided  with  tackle  and  winches  conveniently  arranged  to  raise 
or  lower  the  jets,  and  suitable  pressure  pumps  supply  the  necessary 
water. 

It  is  claimed  that  a  vessel  with  a  500-H.-P.  equipment  of  this  kind 
can  erode  a  depth  of  5  ft. ,  taking  out  a  cross-section  of  27  sq.  ft. ,  at 
the  rate  of  6  miles  an  hour,  throwing  the  sand  and  gravel  to  the  sur- 
face in  30  ft.  of  water. 

This  device  was  used  in  Gedney's  Channel,  New  York  Harbor,  but 
was  abandoned  on  account  of  the  slack  current  at  ebb  tide  and  the 
influx  of  material  at  flood  tide. 

(4)  Water-jets  were  used  with  marked  success  on  Horse  Tail  Bar, 
near  St.  Louis,  in  1881.  Four  pile-drivers  were  lashed  two  abreast 
with  their  heads  together.  Each  one  of  these  drivers  was  equipped 
with  a  Worthington  duplex  pump  with  a  7^-in.  steam  cylinder  and  a 
4^-in.  water  cylinder  having  a  10-in.  stroke.  The  capacity  was  about 
165  galls,  per  minute  each.  The  four  jets  were  brought  together. 
Anchors  were  laid  and  the  drivers  were  pulled  back  and  forth  across 
the  reef  with  a  steam  windlass,  all  the  pumps  working  in  the  mean- 
time to  their  full  capacity.  In  ten  hours'  actual  work  in  this  way  the 
channel  was  deepened  from  6  ft.  to  8.3  ft.  for  a  width  ample  to  pass 
the  largest  tows. 

(5)  In  1896  a  jet  dredge  was  constructed  under  the  supervision  of 
Major  Thos.  H.  Handbury,  for  the  work  between  St.  Louis  and  Cairo. 
The  main  features  are  two  15-in.  centrifugal  pumps  driven  by  direct- 
connected  15  X  14-in.  engines.  The  steam  is  furnished  by  two  4-flue 
boilers  28  ft.  long  with  42-in.  shells.  This  machinery  is  mounted  on 
a  suitable  barge. 

The  suctions  lead  over  the  sides  of  the  barge,  and  the  discharge 
leads  over  the  bow.  The  capacity  is  20  000  galls,  per  minute.  This 
water  is  forced,  through  four  12-in.  discharge  pipes  with  flattened  noz- 
zles, against  the  sand,  which  is  thus  stirred  up  and  washed  into  deep 
water.  The  attack  is  from  the  up-stream  side  of  the  bar,  and  the  boat 
is  dropped  down,  with  jets  in  operation,  until  the  lower  pool  is 
reached.  This  operation  is  repeated  until  the  desired  depth  is  ob- 
tained. The  plan  and  elevation  of  the  bow  of  this  jet  dredge  are 
shown  in  Fig.  5. 
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On  short  reefs,  this  device  is  reported  to  be  quite  eflficient.  Where 
the  reefs  are  of  considerable  length  the  accumulation  of  sand  in  front 
of  the  jets  becomes  too  great  to  be  moved  economically  in  this  way. 

(6)  By  far  the  most  pretentious  improvement  scheme  by  means  of 
jets,  yet  proposed,  is  the  "  Adams  Flume,"  the  construction  of  which 
was  authorized  by  Congress  in  1879.  The  purpose  of  this  device  was 
to  "  Establish  a  permanent  channel  in  the  Mississipioi  River  from  St. 
Paul  to  the  Gulf  of  Mexico,"  a  distance  of  some  2  000  miles. 

It  consisted  of  a  triangular  iron  tube  with  sides  of  about  12  ins. 
The  different  lengths  of  this  pipe  were  provided  with  flanges  at  both 
ends,  so  that  they  could  be  bolted  together,  a  rubber  gasket  being  placed 
at  each  joint  to  give  the  jjipe  sufficient  flexibility  to  adapt  itself  to  the 
undulations  of  the  bottom  and  the  curvature  of  the  channel.  The 
pipe  was  divided  longitudinally  into  two  compartments  by  means  of 
a  metal  partition.  The  lower  compartment  was  provided  with  i-in. 
jets  at  intervals  of  1  ft.  Clear  water  was  pumped  into  the  upper 
compartment  under  a  pressure  of  5  to  8  lbs.  per  square  inch.  By 
means  of  suitable  valves  the  water  could  be  let  into  the  lower  com- 
partment and  through  the  jet  pipes;  then,  in  the  language  of  the  in- 
ventor: 

' '  It  stirs  up  the  sand,  holding  it  in  suspension  till  the  current  car- 
ries it  off  to  some  low  place  where  it  forms  banks  like  a  canal.  The 
number  of  jets  to  be  opened  at  any  time  is  governed  by  the  press- 
ure. Where  there  is  any  obstruction  it  is  opened  on  like  a  battery; 
no  sand,  gravel  or  moderate  hard-pan  can  stand  near  it.  To  lay  this 
pipe  in  one  unbroken  line  in  the  center  of  the  river  from  its  head  to 
the  Gulf,  it  will  scour  a  channel  the  necessary  dej^th  and  width 
throughout  and  keep  it  open  all  through." 

In  this  work  one  small  Worthington  pumj)  was  considered  suffi- 
cient for  each  100  miles  of  pipe.  Clear  water  was  said  to  have  greater 
eroding  power  than  water  containing  sediment,  and  in  order  to  secure 
it,  the  river  water  was  allowed  to  flow  into  a  tank  or  well  attached  to 
the  boat  and  the  pump  took  its  supply  from  the  well.  Just  how  the 
sediment  was  to  be  eliminated  by  this  process  is  not  altogether  plain. 

More  than  eight  years  and  about  $40  000  were  spent  in  attempts 
to  prove  the  practicability  of  this  device,  but  the  project  was 
finally  abandoned  without  ever  laying  a  foot  of  pipe  in  the  river 
channel.  This  large  waste  of  time  and  money  cannot  be  charged  to 
the  engineers,   for  Congress,  through  the  Secretary  of  War,  dealt  di- 
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rectly  with  the  inventor,  the  law  requiring  that  the  device  should  be 
made  and  tested  under  his  supervision  and  direction.  For  five  years 
the  "  preliminary  arrangements  "  were  going  on,  the  expenditures 
having  reached  the  sum  of  ^27  500.  One  locality  after  another  was 
agreed  upon  as  suitable  for  the  trial,  but  there  was  always  something 
to  prevent  an  actual  test.  Another  appropriation  of  $15  000  was 
made,  and  the  "  preparations  "  were  continued  for  several  years  more 
without  results  of  any  kind.  A  board  of  engineers  was  then  appointed 
to  examine  and  report  on  the  advisability  of  continuing  the  experi- 
ments. Their  conclusions  were  that  it  could  not  be  successful  even 
on  a  small  scale. 

The  engineer  officer  in  charge  of  the  district  was  instructed  to 
take  charge  of  the  work  i^ertaining  to  the  flume.  The  only  thing 
found  to  show  for  the  340  000  Avas  a  small  amount  of  sheet-iron  pipe 
made  for  experimental  jjurposes,  and  little  or  none  of  this  was  com- 
pleted and  ready  for  use.* 

(7)  The  removal  of  bars  by  means  of  blasting  has  been  tried,  but 
with  unsatisfactory  results.  Torpedoes,  loaded  with  75  to  160  lbs.  of 
j)owder,  have  been  exploded  at  depths  of  10  to  20  ft.  below  the  surface 
of  the  sand,  but  the  results  have  invariably  proved  disapi^ointing. 
Large  quantities  of  powder  in  tin  canisters  laid  on  the  crest  of  the 
bar  have  been  exploded  without  materially  improving  the  channel 
depth. 

In  the  foregoing  pages  the  author  has  attempted  to  give  a  brief  ac- 
count of  various  devices  which  have  been  ofifered  to  solve  the  difficult 
problem  of  improving  the  low-water  navigation  of  the  Mississippi 
River.  A  few  of  the  devices  have  been  actually  used,  and  still  fewer 
have  been  moderately  successful. 

The  Long  scrapers  used  on  the  ujiiJer  Mississippi  some  28  years 
ago  were  pronounced  satisfactory,  although  the  best  they  could  do 
was  to  increase  the  depth  over  short  reefs  12  to  18  ins.  About  this 
time  the  use  of  temporary  expedients  gave  place  to  a  system  of  per- 
manent improvements,  consisting  of  the  closing  of  chutes,  the  con- 
traction of  wide  places  by  means  of  jetties  or  dikes,  and  the  revetment 
of  banks.  The  inauguration  of  this  policy,  to  the  exclusion  of  tem- 
porary expedients  for  channel  improvement,  was  evidently  a  mistake, 
due  probably  to  the  fact  that  the  length  of  time  required  by  the  so- 
*  Report  of  Chief  of  Engineers,  U.  S.  A.,  1888,  p.  1488. 
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called  permanent  method  before  tangible  results  could  be  realized 
was  very  mucli  underestimated. 

In  the  meantime,  competition  of  railway  lines  along  the  banks  of 
the  river,  and  difficulties  of  navigation,  threatened  to  annihilate  the 
river  traffic.  Steamboat  men  saw  their  profits  dwindling,  their  busi- 
ness gradually  dying  out,  and  they  urgently  appealed  for  relief.  They 
could  not  wait  for  the  completion  of  permanent  improvements.  Im- 
mediate temporary  relief  must  be  found,  or  the  river  as  a  great  com- 
mercial highway  must  be  abandoned.  It  was  in  response  to  this  ap- 
peal that  temporary  channel  improvements  were  again  taken  up  and 
were  finally,  after  several  years  of  agitation,  made  obligatory  by 
Congress,  for  the  lower  river,  in  the  River  and  Harbor  Bill  of 
June  3d,  1896. 

In  the  expedients  which  were  tried  or  suggested  for  temporary  im- 
provement of  the  channel,  and  which  have  been  described  in  the  pre- 
ceding pages,  the  chief  defect  lay  in  relying  on  the  current  to  carry 
off  the  material  after  it  was  loosened  up.  It  was  generally  thought 
that  if  the  crest  of  a  bar  was  thoroughly  loosened  up,  the  current  would 
carry  the  material  away,  and  thereby  the  depth  would  be  increased. 
Engineers  very  soon  saw  that  but  little  additional  depth  could  be 
gained  in  this  way. 

River  men  still  talk  of  a  "  crust "  on  a  sand  bar,  and  believe  that 
it  prevents  erosion  by  the  current  until  broken  by  scrapers  or  other 
means,  and  that  after  this  is  done  erosion  is  rapid  and  efi"ective.  One 
of  the  members  of  this  Society  was  probably  among  the  first  to  recog- 
nize the  necessity  of  carrying  the  spoil  out  of  the  channel  by  artificial 
means.  In  1870,  after  experimenting  with  dipper  dredges  for  some  time, 
Robert  E.  McMath,  M.  Am.  Soc.  C.  E.,  reached  the  conclusion  that: 

"  The  successful  use  of  sand  janmps  and  hydraulic  conveyors  and 
distributors  of  debris  inclines  me  to  the  opinion  that  a  combination 
is  possibly  better  adapted  to  the  work  of  river  improvement  than  any 
means  yet  used." 

In  1883  a  plant  was  provided  for  dredging  in  the  Mississippi  River 
above  the  mouth  of  the  Illinois  River.  This  plant  consisted  of  an 
Osgood  dipper-dredge  and  six  dump-scows,  the  whole  plant  costing 
^29  348.  It  was  used  with  good  results.  The  first  work  was  done  at 
Howard's  Bar,  near  La  Grange,  Mo.,  where  a  channel  was  opened 
1  000  ft.  long,  110  ft.  wide  and  5  ft.  deep.     It  was  completed  in  about 
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a  week,  and  the  channel  remained  open  throughout  the  season.  Part 
of  the  material  was  removed  by  dnmp-scows,  but  the  greater  part 
of  it  was  dropped  beside  the  cut,  which  was  located  parallel  to  the 
thread  of  the  current. 

This  plant  was  also  used  at  other  places  with  good  results.  Major 
Ruffner,  the  engineer  officer  in  charge,  in  the  following  words,  recog- 
nized the  utility  of  dredging  :* 

"The  experience  of  the  past  season  has  shown  that  much  assist- 
ance can  be  given  to  navigation  by  this  kind  of  work,  which,  though 
temporary  in  a  certain  sense,  is  likely  to  be  permanent  for  one  season 
if  not  longer.  ■^'  *  *  By  the  temjjorary  use  of  dredges,  at  an  ex- 
pense so  comparatively  small  as  to  be  fully  justifiable,  I  have  no  doubt 
a  good  navigable  channel  can  be  maintained  during  the  low-water 
season  on  this  stretch  of  the  river,  and  if  the  navigation  of  the  river  is 
to  be  continued  with  success  by  steamboats,  such  temporary  aid  must 
be  given  until  such  time  as  the  permanent  channel  improvement  is 
completed." 

In  1887  a  contract  was  entered  into  for  a  hydraulic  dredge  and 
decked  flat-boats  to  support  500  ft.  of  discharge  pipe,  to  be  used  in  the 
district  above  named.  Experience  had  shown  that  a  dipper  dredge 
could  do  good  work  under  favorable  conditions,  but  for  opening  tem- 
porary channels  through  bars  it  was  found  to  be  too  slow  in  its  opera- 
tions and  hence  too  expensive.  A  dredge  provided  with  a  centrifugal 
pump  for  pumping  sand  and  water  from  the  channel  and  delivering 
the  same  through  i^ipes  far  enough  away  to  clear  the  channel  was 
manifestly  an  improvement  on  the  old  method  with  bucket-dredges 
and  dump-scows  (see  Fig.  6).  This  hydraulic  dredge  was  equipped 
with  a  Van  Wie  No.  12-pump,  with  a  14-in.  intake  and  a  12-in.  discharge. 
The  pump  was  run  at  the  rate  of  330  revolutions  per  minute  and  the 
material  was  lifted  about  9  ft.  above  the  surface  of  the  water  and  dis- 
charged from  300  to  800  ft.  from  the  pump.  The  intake  nozzle  was 
provided  with  a  jet  supplied  by  a  Worthington  pump,  to  aid  in 
stirring  up  the  material  so  that  the  suction  could  take  hold  of  it. 

The  steam  plant  consisted  of  one  boiler  22  ft.  long,  and  having  a 
42-in.  shell  with  ten  6-in.  flues.  The  main  engine  was  of  the  Wright 
and  Adams  pattern,  14-in.  cylinder  and  18-in.  stroke.  There  was 
also  a  hoisting  engine  and  a  "nigger  engine,"  each  having  6  x  8-in. 
double  cylinders. 

The  intake  pipe  is  supported  by  a  double  pontoon,  or  two  barges  4  by 
*  Report  of  Chief  of  Engineers,  U.  S.  A.,  1884,  pp.  1561-1567. 
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50  ft. ,  framed  together  with  a  4-ft.  space  between  them.  The  dredge  end 
of  this  pontoon  is  pivoted  to  a  triangular  brace  attached  to  the  dredge, 
and  the  outer  corners  of  the  pontoon  are  connected  with  the  dredge  by 
means  of  wire  cable-guys,  passing  through  sheaves  to  the  "nigger 
engine,"  which  serve  to  swing  the  jaontoon,  with  the  suction,  around 
in  a  semi-circle  with  a  radius  of  48  ft.  A  hoisting  cable  serves  to  raise 
and  lower  the  suction  between  the  two  parts  of  the  pontoon.  The 
intake  pipe  has  a  14-ft.  length  of  rubber  that  connects  the  iron  pipe 
of  the  suction  with  the  iron  pipe  from  the  dredge  to  give  the  jDipe 
sufficient  flexibility.  All  engines  are  located  so  as  to  be  handled  by 
one  man. 

The  machinery  is  mounted  on  a  wooden  hull  20  ft.  wide,  100  ft. 
long  and  4  ft.  deep,  and  is  housed  in  b}'  a  suitable  cabin.  There  is  a 
spud  12  ins.  square  at  each  end  of  the  dredge  which  serves  to  hold  it 
in  the  desired  position.  There  are  a  number  of  small  flat-boats  12  by 
32  by  2  ft.,  each  of  which  carries  45  ft.  of  discharge  pipe.  The 
several  lengths  of  pipe  are  connected  together  with  rubber  hose. 
The  flat-boats  are  coupled  together  by  triangular  wooden  frames 
bolted  to  the  decks,  and  so  arranged  as  to  couple  with  an  iron  pin  mid- 
way between  the  boats.  The  discharge  pipes  are  carried  on  a  frame 
erected  so  as  to  give  a  slope  of  about  1  ft.  in  100  ft. 

This  dredge  is  manipulated  by  means  of  two  head  lines  anchored 
well  up  stream,  and  the  dredge  is  moved  and  kept  on  line  by  swinging 
first  on  one  spud  and  then  on  the  other,  alternately.  The  work  can 
be  done  either  with  or  against  the  current,  each  cut  being  about  90  ft. 
in  width.  The  dredge  is  moved  about  8  ft.  at  a  time.  A  vacuum 
gauge  at  the  suction  side  of  the  pump  and  a  pressure  gauge  attached 
to  the  discharge  side  serve  to  show  the  operator  whether  the  pipes  are 
obstructed  or  whether  the  proper  proportion  of  sand  is  being  carried. 
This  dredge  delivers  from  3  to  7%  of  sand  through  600  ft.  of  discharge 
pipe  at  the  rate  of  70  to  100  cu.  yds.  per  hour.  It  requires  a  crew  of 
7  men,  costing  ^355  per  month,  to  operate  the  dredge.  The  cost 
for  90  working  days,  including  delays  of  all  kinds,  and  the  current 
repairs,  was  $2  928.71.  During  this  time  the  dredge  removed  42  900 
cu.  yds.  of  sand,  at  a  cost  of  6.8  cents  per  yard. 

It  is  used  not  only  to  deepen  channels,  but  also  to  fill  in  dikes  and 
dams.  This  is  quite  an  advantage  where  the  amount  of  sediment 
carried  by  the  stream  is  small. 
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This  i^lant  lias  been  operated  by  Assistant  Engineer  J.  Du  Shane, 
and  the  above  description  is  largely  drawn  from  his  report  on  the 
plant,  which,  together  with  other  data,  was  obtained  by  the  author 
from  the  U.  S.  Engineers  located  at  Eock  Island.  The  description 
here  given  aijplies  to  the  dredge  as  remodeled  in  1895. 

This  dredge  evidently  was  regarded  as  fairly  successful  in  that  i^art 
of  the  river  where  first  brought  into  use,  as  Major  Euffner,  then  in 
charge,  says:* 

"1  believe  that  patience  and  some  mechanical  skill  will  make  our 
machine  able  to  dig  a  channel  through  any  of  our  ordinary  bars  here, 
deep  enough  to  indiice  the  main  flow  of  water  through  it  in  three  days' 
work.  *  *  *  If  this  can  be  done  there  would  be  no  difficulty  in 
ojDening  and  maintaining  a  good  navigable  channel  throvigh  this 
stretch  of  the  river  (between  the  Des  Moines  and  Illinois  Eivers)  when 
the  water  is  falling,  by  the  use  of  two  or  three  of  these  hydraulic 
dredges  constantly  operating  and  moving  from  the  worst  bar  to  the 
next  one  needing  dredging." 

While  this  dredge  Avas  evidently  a  move  in  the  right  direction 
and  Avas  very  useful  in  the  upper  river,  its  capacity  was  entirely 
inadequate  to  meet  the  requirements  of  the  lower  river.  Here  the 
dredging  required  at  a  single  bar  often  exceeds  100  000  cu.  yds. , 
and  the  time  permissible  to  remove  this  large  amount  of  material 
is  very  short.  To  successfully  accomplish  this  result,  machines 
were  required  of  far  greater  capacity  than  any  heretofore  used  or 
known. 

In  November,  1891,  the  rej^resentatives  of  steamboat  transporta- 
tion lines  beloAV  St.  Louis  api^eared  before  the  Mississippi  Eiver  Com- 
mission and  urged  immediate  relief  for  low-water  navigation.  They 
stated  that  if  such  relief  depended  on  the  completion  of  the  permanent 
improvement  work,  by  the  time  it  came,  there  would  be  no  traffic. 
In  response  to  this  ajjpeal,  the  Commission  appointed  a  committee 
of  two: 

"  To  study  the  subject  of  the  construction  and  operation  of  such 
appliances  for  dredging  as  can  be  applied  to  the  deepening  of  the 
Mississippi  Eiver  over  the  bars  in  extreme  low  water;"  *  *  * 
and  "Prepare  and  report  a  project  for  the  construction  of  a 
dredging  boat  of  as  large  capacity  as  can  be  handled  in  the 
channel  of  the  Mississippi  Eiver  at  low  water  with  safety  and  con- 
venience." 

*  Report  of  Chief  of  Engineers,  U.  S.  A.,  1887,  p.  1614. 
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It  should  here  be  stated  that  the  law  under  which  the  Commission 
Avere  operating  required  them  to  prepare  a  plan  to  permanently  locate 
and  deepen  the  channel,  and  hence  temporary  expedients  were  natur- 
ally omitted  from  their  plans  up  to  this  time. 

Colonel  Chas.  E.  Suter  and  Henry  Flad,  both  Members  of  this 
Society,  were  designated  to  serve  on  this  committee.  After  a 
thorough  investigation  of  the  matter,  the  committee  concluded 
that  among  the  various  devices  for  temj^orary  relief,  dredging 
was  the  only  means  which  held  out  a  reasonable  promise  of  suc- 
cess. The  problem  involved  so  many  new  features  in  the  way  of 
the  enlargement  and  combination  of  devices  heretofore  used,  that 
the  construction  of  an  experimental  dredge  was  recommended. 
Drawings  and  specifications  were  prepared  under  the  direction 
of  this  dredging  committee,  for  an  experimental  dredge,  and  con- 
tracts for  the  construction  of  the  various  parts  were  let,  at  the  close 
of  1892. 

This  experimental  dredge  was  equipped  with  an  Edwards  centri- 
fugal pump  having  a  curved  drag-suction  at  one  end,  and  an  Allis- 
Reynolds  screw  pump  having  a  straight  suction  with  jet  agitators 
at  the  other  end,  the  object  being  to  make  practical  tests  of 
the  efficiency  of  the  different  devices.  The  pumps,  engines  and 
boilers  Avere  designed  by  their  respective  manufacturers.  The 
Edwards  pump  runner  was  6  ft.  4  ins.  in  diameter,  and  was 
operated  by  a  compound,  non-condensing,  vertical  engine  with 
cylinders  15  ins.  and  27  ins.  in  diameter,  respectively,  and  with 
20-in.  stroke.  The  suction  and  discharge  were  each  30  ins.  in 
diameter.  The  Allis-Reynolds  pump  was  operated  by  a  compound 
non-condensing  vertical  engine,  with  cylinders  8  and  16  ins.  in 
diameter  and  with  12-in.  stroke.  The  suction  and  discharge  pipes 
were  each  30  ins.  in  diameter.  The  jet  pumjj  was  of  the  xVllis- 
Eeynolds  pattern,  with  suction  and  discharge  15  ins.  in  diameter. 
This  pump  operated  six  jets  2^  ins.  in  diameter  under  a  head  of 
about  20  ft.  By  this  means  the  material  was  loosened  and  divided 
up  so  as  to  enter  the  suction  of  the  sand  pump  thoroughly  mixed 
with  water. 

The  steam  for  the  various  pumps,  etc.,  was  supplied  from  four 
boilers  38  ins.  in  diameter  and  28  ft.  long,  of  the  type  in  common 
use   on    Mississippi   River   steamers.     Hoisting    apparatus    was    also 
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provided    for    raising    and    lowering   the    suction    and   moving   tlie 
dredge. 

The  above-described  machinery  was  mounted  on  a  wooden  hull 
130  ft.  long,  36  ft.  wide  and  8  ft.  in  depth.  The  dredge  in  working 
order  drew  about  4  ft.  of  water.  A  good  general  idea  of  this  dredge 
can  be  obtained  by  inspecting  Plate  XXIV. 

The  material  pumped  was  discharged  throiigh  a  floating  pipe  line 
made  up  of  sections  of  pipe  33  ft.  long,  connected  by  means  of  strong 
rubber  joints  and  iron  coupling  bars.  An  air  chamber  on  each  side  of 
the  discharge  pipe  served  to  float  it  when  loaded  with  10^  or  less  of 
sand.  In  order  to  operate  the  dredge,  two  hydraulic  piles  are  set 
about  25  ft.  apart,  near  the  upper  end  of  the  bar  to  be  excavated.  A 
wire  rope  about  1  000  ft.  long  is  attached  to  each  of  these  and  to  the 
hauling  drums  on  the  dredge.  If  the  wind  does  not  deflect  the  dredge 
from  its  proper  place,  it  is  allowed  to  swing  freely  in  the  current  with 
the  discharge  pipes  trailing  below  it.  If  necessary,  side  piles  are  set, 
and  by  means  of  lines  attached  to  them,  the  dredge  can  be  hauled  into 
such  position  as  may  be  desired.  In  dredging,  the  boat  is  pulled 
ahead  up  stream  at  rates  varying  with  the  depth  of  the  material  taken 
out,  the  average  movement  being  about  60  to  75  ft.  per  hour.  After 
one  cut  is  finished,  the  dredge  is  dropped  down  again  to  the  lower  end 
of  the  bar,  the  head  piles  are  moved  over  about  the  width  of  the  cut 
and  another  cut  is  made  near  by  and  parallel  to  the  first.  This 
process  is  repeated  until  a  channel  of  the  required  width  and  depth 
has  been  secured. 

There  is  perhaps  no  single  feature  which  facilitates  this  method  of 
dredging  as  much  as  the  hydraulic  mooring  piles  (Fig.  7).  The  ease 
with  which  they  can  be  set  and  withdrawn,  and  their  great  holding 
power,  make  them  really  indispensable  where  dredging  is  done  in 
strong  currents.  They  are  sunk  15  or  20  ft.  deep  in  the  sand,  and  the 
head  lines  are  attached  to  a  shackle  down  at  the  surface  of  the  sand, 
and  consequently  there  is  little  danger  of  bending.  A  pile  sinker 
provided  with  suitable  leads  and  hoist,  pumps  and  boilers,  is  required 
with  each  dredge.  The  pile  is  open  at  the  lower  end  for  the  full  size 
of  the  pipe.  On  the  side  of  the  pipe  near  the  ui^per  end  is  an  opening 
2^  ins.  in  diameter  to  which  the  pressure  pipe  from  the  pump  is  at- 
tached. The  ease  with  which  piles  can  be  set  and  withdrawn  is 
clearly  set  forth  in  Table  No.  1,  page  250. 
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TABLE    No.    1. — ExPEKiMENTS   IN    Sinking    Hollow   Wkoiight-Ikon 

Piles  in  Sand. 

In  these  experiments  one  6-in.  inside-packed,  double-plunger  pump 
was  used.  The  length  of  the  piles  was  34|  ft. ;  outside  diameter,  11 
ins. ;  thickness,  f  in.  for  the  heavy  piles,  which  weighed  3  250  lbs.  each. 
The  light  piles  were  of  the  same  length  and  outside  diameter;  thick- 
ness, I  in. ;  weight,  2  370  lbs.  Diameter  of  water-pressure  inlet  2^  ins. 
The  piles  were  open  at  the  bottom. 
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The  various  parts  of  the  experimental  dredge  were  assembled  and 
erected  under  the  immediate  supervision  of  Henry  Flad,  M.  Am.  Soc. 
C.  E.,  in  the  fall  of  1898.  The  tests  were  begun  in  November  of  that 
year  and  continued  throughout  the  winter  and  the  following  spring. 
As  a  result  of  these  tests  the  AUis-Reynolds  pump  at  the  bow  of  the 
boat  was  found  to  be  deficient  in  engine  power  and  the  drag-suction  at 
the  stern  of  the  boat  could  not  be  manipulated  so  as  to  give  a  regular 
and  satisfactory  supply  of  material.  The  Edwards  jjump  gave  good 
results  and  the  Jet  agitator  suction-head  was  found  to  be  satisfactory. 
The  jet  pump  required  extensive  altei'ations  before  the  required  results 
could  be  secured. 

The  buoyancy  of  the  floating  pipe  line  was  too  small  and  great  care 
was  required  to  prevent  sinking  the  pipes  by  getting  a  trifle  over  10%" 
of  sand  in  them. 

Another  unexijected  difficulty  developed  in  the  use  of  these  pipes. 
When  swinging  freely  in  the  current  with  the  lower  end  open  and  the 
pump  running,  the  pipes  would  kink  up  at  the  joints.  This  was 
attributed  to  the  reaction  of  the  discharge  against  the  water  in  which 
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the  pipes  were  floating.  After  considerable  experimenting  with  jets 
discharging  in  the  air  and  in  water,  the  conclnsion  was  reached  that 
the  kinking  was  dne  to  the  centrifugal  force  of  the  flowing  water  act- 
ing at  the  flexible  joints  of  the  pipe.  That  is  to  say,  when  the  pipe 
swings  freely  in  the  cui-rent  it  is  never  straight,  and  any  bend  met 
with  by  the  water  flowing  in  the  pipes  at  a  high  velocity  is  naturally 
exaggerated.  This  difficulty  was  fully  overcome  by  attaching  a 
baffle  plate  to  the  last  section,  a  short  distance  from  the  end  of  the  isipe, 
to  receive  the  impact  of  the  discharge.  By  shifting  this  baffle  plate  so 
that  the  discharge  will  strike  it  at  an  angle,  the  pipe  line  can  be  de- 
flected to  the  right  or  left. 

The  experiments  had  solved  many  of  the  difficulties,  and  attention 
was  then  turned  to  utilizing  this  dredge  for  practical  work.  The 
Allis-Reynolds  pump  and  the  drag  suction  Avere  discarded.  The 
Edwards  pumj)  was  shifted  and  attached  to  the  jet  suction.  In  the 
spring  of  1895  a  cabin  was  built  for  the  accommodation  of  the  crew,  and 
the  first  dredge  for  the  elimination  of  obstructing  sand  bars  on  the 
lower  Mississippi  river  was  ready  for  actual  Avork  during  the  low-water 
season  of  1895. 

In  the  fall  of  1894  the  first  attempt  to  aid  navigation  was  made  near 
Cape  Girardeau,  Mo. ,  where  there  was  a  bar  about  1  600  ft.  long  with 
from  3  to  4  ft.  of  water.  Work  began  on  October  19th,  and  by  Octo- 
ber 26th  a  channel  6  ft.  deep  had  been  made  and  this  channel  remained 
good  throughout  the  season. 

During  the  winter  of  1894-5  a  large  number  of  tests  were  made  to 
determine  the  capacity  of  the  dredge.  The  immense  amount  of  ma- 
terial constantly  moving  along  the  bottom  of  the  river  and  the  scour- 
ing effect  of  the  current,  made  it  impracticable  to  ascertain  the 
amount  moved,  by  measuring  the  material  in  place  and  then  measur- 
ing the  excavation.  A  measuring  barge  was  therefore  fitted  up  with 
siiitable  valves,  to  attach  to  the  lower  end  of  the  discharge  pipe  where 
the  discharge  could  be  deflected  into  the  barge  for  a  known  interval  of 
time  when  the  running  conditions  were  about  normal.  This  barge  is 
107^  ft.  long.,  24  ft.  wide  and  6\-  ft.  deep.  A  special  floor  was  laid  in 
the  bottom,  and  tight  bulkheads  were  built  near  each  end.  The  gun- 
wales were  stifiened  with  trusses  in  order  to  carry  with  safety  the 
unusual  load  put  in  the  barge.  A  6-in.  gate-valve  was  placed  below 
the  floor,  next  to  the  bottom  planking  at  each  corner  of  the  loading 
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space,  or  spoil  bin,  -ef  the  barge.  Pipes  lead  along  tlie  gunwales  to  each 
of  the  valve  pipes,  and  are  arranged  so  as  to  be  connected  with  the 
pressure  pumps  of  the  pile  sinkers.  A  well  Avith  removable  sides  is 
placed  around  each  gate-valve  so  that  when  the  barge  is  filled  the 
water  may  be  drawn  from  the  top  without  distiirbing  the  sand.  There 
are  two  gauges  placed  on  each  side  of  the  spoil  bin  and  near  the  ends 
of  the  same.  By  means  of  simultaneous  readings  on  these  gauges  the 
depth  of  material  is  determined.  In  making  a  test  the  barge  is  at- 
tached to  the  lower  end  of  the  pipe-line  by  means  of  a  rubber  pipe  6 
ft.  long  and  of  the  same  diameter  as  the  floating  discharge  i^ipe.  This 
carries  the  discharge  into  the  barge  and  to  a  jioint  near  the  forward 
bulkhead  of  the  spoil  bin.  Here  a  valve  is  provided  that  will  deliver 
the  discharge  either  into  the  river  through  an  opening  in  the  bottom 
of  the  barge  or  into  the  spoil  bin,  as  may  be  desired.  This  valve 
(shown  in  Fig.  8)  operates,  both  in  oj^ening  and  closing,  by  releasing 
heavy  weights  which  cause  the  valve  to  revolve  almost  instantane- 
ously. 

Fig.  8  shows  the  opening  to  the  sj^oil  bin  closed  and  the  outlet 
through  the  bottom  of  the  barge  into  the  river,  open.  The  brakes 
shown,  hold  the  valve  in  any  desired  position.  In  setting  the  weights 
ready  for  a  test,  the  weight  W,  which  is  shown  at  the  bottom  of  the 
bin,  is  raised  about  2  ft.  above  the  button  0,  and  suj)ported  by  a  roj^e 
attached  to  the  framework  above.  It  is  also  attached  to  the  button 
0  by  a  second  rope.  "When  ready  to  throw  the  valve  down,  so  as  to 
discharge  into  the  spoil  bin,  the  first  rope  is  cut,  which  allows  the 
weight  W  to  drop  about  2  ft.,  and  the  entire  weight  TF"  is  taken  by 
the  cable  K  which  revolves  the  valve  to  its  lower  position,  closing 
the  outlet  to  the  river  and  opening  into  the  spoil  bin.  The  brakes 
controlled  by  the  lever  F  are  put  on  to  hold  the  valve  in  jjlace,  and 
the  weight  W  is  entirely  released  and  drops  to  the  bottom.  The 
weight  A,  used  for  closing  the  valve  to  the  spoil  bin,  is  suj^ported 
by  the  hook  N  some  2  ft.  above  the  button  B  at  the  end  of  the 
cable  C  which  passes  through  the  weight,  the  opposite  end  jjassing 
around  a  pulley  fixed  to  the  valve  shaft.  When  the  spoil  bin  is 
full,  the  weight  A  is  dropped  from  the  hook  N  by  raising  the  lever, 
and  at  the  same  instant  the  brakes  are  released  and  the  valve  moves 
back  to  its  first  position,  throwing  the  discharge  into  the  river.  It  is 
found  necessary  to  start  the  valve  with  a  jerk. 


OCKERSON"   ON    DREDGES   AND    DREDGING. 


253 


In  making  a  test,  tlie  dredge  pumps  are  started  and  the  dredge  is 
pulled  ahead  as  in  actual  work,  the  barge-valve  being  set  so  as  to  dis- 
charge the  spoil  into  the  river.  Sufficient  water  is  let  into  the  spoil 
bin  through  the  gate-valves  to  cover  the  floor,  and  the  gauges  are  read. 
This  is  done  so  as  to  be  sure  that  none  of  the  volume  pumped  in  will 
go  under  the  floor  where  it  cannot  be  measured.  When  everything  on 
the  dredge  is  running  smoothly  and  at  about  the  normal  rate,  the  dis- 

MEASURING   BARGE  AND  VALVE 

FOR 

MEASURING  QUANTITY  OF  SAND  AND  WATER 

SCALE  OF  FEET 


BOTTOM  OF  BARGE 


Fig.  8. 


charge-valve  into  the  spoil  bin  is  thrown  open  and  the  timing  hand  of 
the  stop-watch  is  started.  In  throwing  the  valve  open  to  the  spoil 
bin,  the  opening  to  the  river  is  closed  by  the  same  valve.  When  all 
the  material  that  the  barge  will  safely  hold  has  been  discharged  into 
the  barge,  the  valve  to  the  spoil  bin  is  closed  and  opened  to  the  river 
again.  At  the  same  instant  the  timing  hand  of  the  stop-watch  is 
stopped.    After  a  few  minutes'  time,  necessary  for  the  agitated  water  in 
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TABLE  No.  2r/. — Capacity  and  Efficiency  Tests 
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The  first  nine  tests  were  made  with  604.5  ft.  of  pipe  between  the  pump  and  the  valve 
Diameter  of  discharge  pipe,  .30  ins.  Distance  from  suction  head  to  pump,  101  ft. 
The  area  of  spoil  bin  in  test  barge,  2  .544.01  sq.  ft. 

The  average  capacity  of  sand  per  houi-  witli  the  short  discharge  pipe  was  679  cu.  yds., 
The  sand  pumped  per  hour  per  indicated  horse-power  with  the  short  discharge  was 


tlie  spoil  bin  to  settle  down,  the  gauges  are  read,  tlie  pumps  on  the 
pile  sinkers  are  started,  the  gate-valves  are  opened  and  the  water 
is  forced  out,  leaving  the  sand  to  be  measured  later.  This  is  done  by 
measuring  the  depth  on  eleven  cross-sections  at  eleven  points  on  each 
section,  all  equally  spaced.  The  average  depth  multiplied  by  the 
known  area  gives  the  volume  of  sand.  The  differences  of  the  gauge 
readings  before  and  after  filling  give  the  depth  of  material  iiumped  in. 
This  multiplied  by  the  area  gives  the  total  volume  of  sand  and  water. 
From  this,  and  the  time  required  to  pump  such  volume,  the  various 
functions  of  capacity  per  hour,  velocity  per  second,  ejfiiciency,  etc., 
are  determined.  The  material  enters  the  barge  with  such  force  that 
the  sand  is  not  distributed  uniformly  over  the  bottom,  but  piles  up  in 
ridges  on  one  side  or  the  other. 

Sometimes  the  sand  is  measured  in  a  box  1  ft.  deep,  5  ft.   wide. 
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Meascring  Barge. 
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in  the  test  barge.    The  other  seven  tests  were  made  with  1  059.5  ft.  of  pipe. 

Diameter  of  suction  pipe,  30  ins.    The  suction  was  lowered  12  ft.  below  the  water  surface. 

and  with  the  long  pipe,  479  cu.  yds. 

2.16  cu.  yds.,  and  with  the  long  Une,  1.59  cu.  yds. 


and  10  ft.  long.  The  floor  of  the  barge  is  cleared  off  so  as  to  give 
room  for  the  box.  The  sand  is  then  shoveled  into  it  without  packing, 
and  the  top  is  smoothed  off  with  a  straight  edge.  This  method  gives 
about  22%  more  volume  than  when  the  sand  is  measured  in  place,  but 
as  it  necessitates  handling  the  material  twice,  it  has  been  abandoned. 

The  results  of  twenty-two  tests  of  the  dredge  Alpha,  with  the 
Edwards  pump,  are  given  in  Table  No.  2rt.* 

A  new  pump,  similar  to  that  on  the  Delta,  with  a  66-in.  runner,  33 
ins.  wide,  was  put  in  the  Alpha  in  July,  1897.  Barge  tests  with  this 
pump  were  made  in  June,  1898,  the  results  of  which  are  shown  in 
Table  No.  2b. 

The  time  spent  in  experimenting  with  the  first  dredge  was  by  no 
means  wasted.  There  were  many  difficult  problems  of  construction 
*  Report  of  C.  W.  Sturtevant,  in  the  report  of  Chief  of  Engineers,  U.  S.  A.,  1895,  p.  3795. 


356  OCKERSON   ON    DREDGES   AND    DREDGING. 

TABLE  No.  26. — Capacity  anb  Efficiency  Tests 
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and  manipulation  solved,  and  the  efficacy  of  dredging  at  all  in  a 
stream  which  moves  vast  quantities  of  material  on  its  own  account 
was  tested  to  some  extent.  The  results  of  all  these  experiments 
pointed  clearly  to  dredging  as  the  most  promising  method  of  tem- 
porarily improving  low-water  navigation  that  had  so  far  been  sug- 
gested or  tried.  The  time  had  now  come  to  provide  a  sufficient 
number  of  dredges  to  clear  the  obstructing  reefs  in  so  short  a  period 
of  time  that  the  interruption  to  navigation  would  be  very  slight. 
Dredging,  however,  had  not  yet  been  authorized  specifically  by  Con- 
gress, and  the  amount  of  money  available  for  the  construction  of 
dredges  was  rather  limited. 

With  a  view  to  covering  the  ground  still  more  fully,  and  to  get 
the  benefit  of  the  best  dredging  experience  available,  a  circular  was 
sent  out  in  August,  1894,  to  engineers,  contractors  and  builders  of 
dredges,  inviting  "  Informal  plans  and  suggestions  as  to  the  methods 
and  machinery  best  adajDted  to  the  work."  The  capacity  of  the  re- 
quired dredge  was  to  be  1  600  cu.  yds.  of  sand  per  hour.  Several 
replies   were  received,  and  three  firms   were   requested   to  prepare 
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OF  New  Pumps  on  the  Dredge  Alpha,  June,   1898. 
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pump  to  end  of  suction,  66  ft. ;  from  pump  to  stern  of  dredge,  74  ft. 

detailed  drawings  and  si^ecifications  of  the  jjlant  they  proposed  to 
furnish.  These  were  submitted  in  December,  1894,  and  a  contract 
was  let  to  the  American  Hydraulic  Dredging  Co.  of  Chicago,  111., 
for  the  construction  of  the  dredge  Beta,  at  a  cost  of  $172  775.  The 
contract  provided  that  if  the  dredge  fell  short  of  the  required  capacity, 
the  deduction  from  the  price  should  be  proportional  to  this  differ- 
ence; and  if  the  caj^acity  exceeded  1  600  cu.  yds.  per  hour,  then  the 
I^riee  should  be  increased  proportional  to  this  excess  up  to  50  per 
cent.     The  dredge  was  completed  and  ready  for  testing  in  January, 

1896. 

Dbedge  Beta. 

This  dredge  has  two  independent  dredging  machines  complete 
from  suction  to  end  of  discharge  pipes.  The  sand  pumps  are  of  the 
centrifvigal  pattern  with  runners  7  ft.  in  diameter  and  with  8  arms 
in  each  runner.  The  suction  for  each  pumi)  is  33|  ins.  in  diameter, 
and  is  split  near  the  pumj}  so  that  the  water  enters  the  casing  from 
both  sides.  The  discharge  for  each  pump  is  from  a  single  33-in.  pipe 
leaving  the  pump  chamber  from  the  top.  The  suction  for  each  pump 
divides  near  the  forward  end  of  the  hull  into  three  suctions,  each  19i 
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ins.  in  diameter.  A  cast-iron  elbow  is  riveted  to  the  hull  at  the  bow 
for  each  of  the  three  branches,  which  are  provided  with  elbows  of  ham- 
mered copper  f  in.  thick,  and  these  work  in  the  iron  elbows  and  form 
a  radial,  telescopic  joint.  The  axis  of  rotation  is  the  center  of  a  7-in. 
shaft  supported  on  brackets  at  the  bow  of  the  boat.  The  elbows  are 
concentric  with  this  shaft.  These  three  suctions  are  framed  together 
and  can  be  raised  or  lowered,  as  one  piece,  throiigh  a  depth  of  20  ft. 

Each  of  these  suctions  is  provided  with  a  vertical  revolving  cutter, 
5  ft.  in  diameter  and  5  ft.  long,  with  12  nickel-steel  blades  on  each 
cutter.  These  serve  to  loosen  up  the  material  so  that  it  will  readily 
enter  the  suction.  They  are  spaced  6  ft.  apart  from  center  to  center. 
There  are  six  of  these  revolving  cutters  for  the  two  pumps.  They  are 
driven,  through  a  system  of  spur  gearing,  by  a  cross-compound,  non- 
condensing  engine  with  14^  and  29-in.  cylinders  and  an  18-in.  stroke. 
The  engines  make  about  eight  revolutions  to  one  revolution  of  the 
cutters.  The  cylinders  are  some  20  ft.  apart  and  are  connected  by  a 
5-in.  pipe. 

To  support  a  jDortion  of  the  weight  of  the  cutter  machinery,  a 
pontoon  is  provided  for  each  set  of  suctions.  This  pontoon  is  made 
of  steel  plates,  and  is  built  around  the  various  pipes  and  frames. 
Each  pontoon  has  a  displacement  of  1  000  cu.  ft. 

The  sand  pump  shaft  is  of  forged  steel,  10  ins.  in  diameter,  and  12 
ins.  in  diameter  where  it  jDasses  through  the  pump  runner.  Stuffing- 
boxes  are  provided  where  the  shaft  passes  through  the  pump  casing. 
Each  pump  is  operated  by  a  direct-connected,  triple-expansion,  ver- 
tical, inverted,  four-cylinder,  tandem  engine  provided  with  jet  con- 
densers. The  cylinders  are  20i,  33,  38  and  38  ins.  in  diameter, 
respectively,  and  the  stroke  is  24  ins.  with  the  cranks  set  at  180 
degrees.  These  engines  are  run  at  a  speed  of  about  130  revolutions  per 
minute,  the  indicated  horse-power  of  each  being  about  1  250,  with 
boiler  pressure  of  175  lbs.  Each  engine  is  j^rovided  with  a  Worth- 
ington  duplex  air  pump  and  jet  condenser,  witli  cylinders  14  and  19 
ins.  and  15-in.  stroke.  They  are  also  arranged  to  exhaust  without 
condensing.  The  steam  is  supplied  by  four  Heine  boilers  so  arranged 
that  they  can  be  used  together  or  independently,  as  may  be  desired. 
Each  boiler  has  two  shells  36  ins.  in  diameter  and  18J  ft.  long.  The 
water  legs  are  connected  by  171  tubes,  3J  ins.  in  diameter  and  15|  ft. 
long.     There  is  one  smokestack  to  each  pair  of  boilers,  each  stack 
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being  64  ins.  in  diameter  and  57  ft.  high  above  the  breeching,  or  73 
ft.  above  the  water-line.  The  main  steam  pijie  between  the  boilers 
and  engines  is  12  ins.  in  diameter.  The  usual  steam  gauges,  blow-ofif 
valves,  etc.,  are  provided. 

The  water  supply  for  the  boilers  and  journal  bearings  is  filtered 
by  means  pf  two  filters,  each  11  ft.  long  and  6  ft.  in  diameter.  The 
filter  bed  is  supported  on  a  perforated  cast-iron  bed  fixed  near  the 
bottom  of  each  filter.  There  are  three  layers  of  brass  wire-cloth  with 
10,  60  and  10  meshes  per  inch,  respectively.  These  support  a  bed  of 
crushed  quartz  made  up  of  layers  of  different  degrees  of  fineness  and 
about  2  ft.  thick.  The  sediment  which  gathei-s  on  the  filter  bed  is 
stirred  uja  by  two  sets  of  arms  which  can  be  revolved  by  means  of 
gearing,  and  the  clear  water  from  one  filter  is  used  to  wash  the  other. 
The  filters  are  supplied  by  a  duplex  pump  with  8-in.  suction  and  7-in. 
discharge,  and  the  water  is  carried  through  an  alum  coagiilant  to  the 
tops  of  the  filtex's  under  a  pressure  of  about  60  lbs.  The  filtered 
water  is  drawn  from  the  bottom  of  the  filters  by  the  boiler  feed- 
pumps, and  passes  through  a  vertical  pressure  heater  provided  with 
one  hundred  2-in.  corrugated  copper  tubes  731  ins.  long.  The  exhaust 
steam  from  the  cutter,  the  winding  engines  and  the  pumps  passes 
through  this  heater. 

The  winding  engines  are  placed  near  the  bow  of  the  boat.  There 
are  six  drums  operated  by  a  double-cylinder,  link-motion,  reversing 
engine  with  12^-in.  cylinders  and  15-in.  stroke.  Four  of  the  driams 
are  24  ins.  in  diameter  and  40  ins.  long.  Two  of  these  drums  are  used 
for  side  warj^ing,  and  are  geared  25  to  1.  The  other  two  are  used  for 
pulling  the  dredge  ahead,  and  are  geared  30  to  1;  1  200  ft.  of  i-in. 
wire  rope  is  used  for  this  j)urpose.  The  two  end  drums  are  30  ins. 
in  diameter  and  28  ins.  long.  They  are  used  for  raising  and  lowering 
the  suctions. 

At  the  stern  of  the  boat  is  a  steam  capstan  and  a  spud  hoist. 
There  are  two  vertical  anchor-si^uds  and  one  push-spud  at  the  stern 
of  the  boat.  The  anchor-spuds  are  of  oak,  24  ins.  square  and  40  ft. 
long.  These  were  intended  mainly  as  pivots  on  which  to  swing  the 
boat,  so  that  a  wide  cut  could  be  made  by  moving  the  suction  on  the 
arc  of  a  circle.  This  method  is  not  well  adapted  to  streams  with 
a  strong  current.  These  spuds  and  the  jaush-spud  are  raised  or 
lowered  by  means  of  a  3-drum  friction  hoist  moved  by  a  doitble  8  x  10- 
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in.  engine.  The  push-sjaud  is  an  iron  beam  28  ft.  long,  with  a  steel 
shoe  at  the  lower  end.  It  can  be  raised  tip  into  a  recess  in  the  hull 
when  not  in  use.  The  inner  end  of  the  beam  is  attached  to  the  piston 
rod  of  a  hydraulic  cylinder  7  ft.  long  and  15  ins.  in  diameter.  The 
piston  rod  passes  through  the  hull  plating  in  a  stuflfing-box.  This 
spud  has  never  been  used. 

The  machinery  is  mounted  on  a  steel  hull  172  ft.  long  and  40  ft. 
wide.  It  is  7  ft.  2  ins.  deej)  in  the  waist,  and  for  36  ft.  from  the  for- 
ward end  and  16  ft.  from  the  after  end  it  is  10  ft.  10  ins.  deep.  These 
deep  portions  are  decked  over,  as  are  also  the  guards,  for  the  entire 
length.  The  plating  on  the  sides  of  the  hull  is  |  in.  thick;  the  other 
plating  outside  is  ns  in.  thick.  The  boAv  is  double-plated  on  the  head 
and  rake.  The  cross  floors,  spaced  2  ft.  between  centers,  are  12-in.  I- 
beams,  weighing  32  lbs.  to  the  foot.  On  these,  at  intervals  of  3^  ft., 
are  longitudinal  stringers  of  the  same  form  and  height,  weighing  40 
lbs.  to  the  foot.  These  floor  frames  are  decked  over  with  ^-in.  plating 
and  extend  to  within  6  ft.  of  the  bow.  The  space  between  this  plat- 
ing and  the  bottom  is  divided  into  ten  water-tight  compartments.  The 
hull  is  further  divided  into  seven  water-tight  compartments  above  the 
water  bottom  by  means  of  five  cross  bulkheads  and  one  short  longitudi- 
nal bulkhead. 

The  bases  of  the  pumps,  engines  and  the  boilers  are  set  on  the  water 
Ijottom.  Two  coal  bunkers  are  provided,  with  a  capacity  of  about  30 
tons  each.  The  dredge  is  fitted  with  a  traveling  crane  of  ample  ca- 
pacity to  handle  all  parts  of  the  machinery. 

No  quarters  are  provided  for  the  crew  of  this  dredge.  The  cabin  is 
only  sufficient  to  protect  the  machinery.  The  boat  is  equipped  with 
an  electric  light  plant  and  a  full  complement  of  shop  tools,  such  as 
lathe,  drill  press,  etc. 

The  requirements  of  the  contract  fixed  the  limit  of  draft  at  4i  ft. , 
and  the  width  at  40  ft.  When  the  dredge  was  completed,  the  draft  was 
found  to  be  about  62  ft. 

The  weights  of  the  various  parts  are  about  as  follows :  Hull,  633  340 
lbs. ;  main  engines  and  pumps,  183  576  lbs. ;  boilers,  405  880  lbs. ; 
cutter  engine,  27460  lbs.;  forward  hoist,  51  500  lbs.;  spud  hoist,  20  450 
lbs. ;  ladders,  56  800  lbs.  The  total  displacement  when  running,  with 
suction  and  discharge  pipes,  boilers, filters,  heaters,  etc.,  ftill  of  water, 
and  a  supply  of  coal  on  board,  is  about  1  175  tons. 
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The  discharge  consists  of  two  independent  pipe  lines,  each  1 000  ft. 
long.  A  deflecting  baftle  plate  is  provided  for  the  end  of  each  line. 
Eight  of  the  sections  of  each  line  are  100  ft.  long,  and  four  sections  are 
50  ft.  long.  When  the  pipes  are  empty,  the  pontoons  draw  abont  14 
ins.  of  water.  The  pontoons  are  made  of  -nr-in.  tank  steel,  and  are 
fitted  with  water-tight  bulkheads  about  16  ft.  apart.  In  section  they 
ar^e  the  shaj)e  of  a  semi-cylinder,  with  an  outer  radius  of  30f  ins.,  and 
an  inner  radius  of  16j  ins.  The  discharge  pipe  lies  in  the  float  thiis 
formed,  and  is  made  of  4 -in.  steel.  The  different  lengths  are  coupled 
about  as  described  in  connection  with  the  Alplui. 

Quite  a  number  of  defects  Avere  developed  in  the  use  of  this  dredge, 
many  of  which  were  remedied.  At  first  the  cutters  all  worked  in  the 
same  direction,  and  the  result  was  that  the  dredge  was  pulled  sidewise 
out  of  the  cut.  This  was  remedied  by  changing  one  set  of  cutters  to 
work  in  the  opposite  direction.  The  breaks  in  the  gearing  of  the 
cutter  machinery  were  frequent,  although  the  spur  gears  were  made  of 
nickel  steel,  and  the  pinions  of  phosphor  bronze.  The  6-drum  hoist 
also  gave  considerable  trouble.  The  cutters  were  found  to  be  very 
much  longer  than  necessary,  and  their  operation  drew  heavily  on  the 
boiler  capacity.  The  unexpected  draft  developed  difficulties  in  coal- 
ing, and  in  maneuvering  the  dredge  over  the  shoal  bars. 

The  preliminary  tests  of  the  dredging  machinery  began  about  the 
middle  of  January,  1896,  and  continued  until  March  1st.  Of  the  four 
hundred  working  hours  embraced  in  this  period,  two  hundred  and 
lifty-five  hours  were  used  in  repairs  and  changes  and  seventy-four 
hours  in  actual  pumping.  The  capacity  tests  were  begun  on  March 
10th,  and  continued  for  about  a  month.  There  were  ten  tests  made  in 
ordinary  river  sand,  one  gravel  test  and  one  water  test.  The  tests 
were  made  in  the  test  barge  described  in  the  preceding  pages.  Two 
valves  were  provided,  so  that  both  pipe  lines  discharged  into  the  barge 
at  the  same  time,  if  desired. 

In  the  grave]  test  the  face  of  the  bank  dredged  was  about  7  ft.  high, 
and  only  aboixt  1  ft.  of  it  was  gravel.  In  this  test  one  valve  was  first 
opened  and  the  barge  filled.  The  water  was  then  syphoned  out,  and 
the  other  valve  was  opened  and  the  barge  again  filled.  The  gauge 
readings  and  time  of  each  were,  of  course,  noted.  Tests  9  and  10 
were  made  with  only  one  valve  open,  the  other  pipe  line  discharging 
in  the  river. 
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TABLE  No.  3. — Capacity  and  Efficiency 
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Length  of  port  suction  from  intake  of  pump  =  85.9  ft.  Length  of  port  discharge  pipe 
Length  of  starboard  suction  from  intake  of  pump  =  100.3  ft.  Length  of  starboard 
Diameter  of  main  suction  =  33%  ins.  Diameter  of  discharge  pipes  —  33  ins.  Area  of 
Revolutions  of  cutters  per  minute  —  19.    Average  capacity  of  dredge  in  cubic  yards 

In  all  the  tests  the  dredge  was  run  for  a  considerable  time  in  all 
respects  as  if  doing  actual  dredging  work,  and  the  valves  were  oj^ened 
at  such  times  as  the  pumj^s  were  seen  to  be  working  under  about  nor- 
mal conditions.  In  the  mean  time  steam  gauges  were  read,  revolu- 
tions of  i^umps,  cutter  engines  and  winding  drums  were  counted,  and 
indicator  cards  were  taken  at  intervals  of  about  5  minutes. 

The  results  of  these  tests  are  shown  in  Table  No.  3.  * 

The  general  conditions  as  to  length  of  time  required  for  efficiency 
tests  and  number  of  capacity  tests  Avere  the  same  as  described  in  con- 
nection with  the  Gamina. 

The  tests  show  an  average  cajiacity  of  4  920  cu.  yds.  i^er  hour,  and, 
therefore,  according  to  the  terms  of  the  contract,  a  bonus  of  $86  387.50 
was  earned  by  the  contractor. 

*  Report  of  Assistant  Engineer  Wm.  Gerig,  in  report  of  Chief  of  Engineers,  U.  S.  A., 
for  1896.  page  3643. 
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Tests  of  United  States    Dkedge  Beta. 
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from  pump  to  valve  in  measuring  barge  =  1  161.7  ft. 

discharge  pipe  from  pump  to  valve  in  measuring  barge  =  1  147.7  ft. 

measuring  barge  =  2  535.3  sq.  ft. 

per  hour  by  box  measurements  =  4  920,  or  about  4  aSO  cu.  yds.  measured  in  place. 

After  completing  the  required  tests,  sundry  repairs  and  alterations 
"were  made,  to  put  the  dredge  in  condition  for  actual  work. 

During  the  low-water  seasons  of  1896  and  1897  the  enormous 
capacity  of  the  Beta  was  fully  demonstrated.  An  account  of  the 
character  and  cost  of  this  work  will  be  given  later. 

Before  the  dredge  is  again  put  into  service  for  the  low- water  season 
of  1898,  numerous  changes  will  be  made.  The  hull  will  be  widened  to 
58  ft.  and  lengthened,  so  as  to  reduce  the  draft  to  U  ft.  About  $41  000 
has  been  retained  from  the  contract  price  to  do  this  work,  as  the  sijeci- 
fications  required  that  the  draft  should  not  exceed  4J  ft.  A  cabin  for 
the  accommodation  of  the  crew  will  be  erected;  the  6-drum  hoist  will 
be  replaced  by  four  detached  single-drum  hoists ;  the  cutter  engines, 
cutters  and  other  parts  belonging  to  the  present  suction  will  be  re- 
placed by  a  jet  suction  and  i)umi)s.     This  is  done  because  it  has  been 
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found  in  actual  practice  tliat  mechanical  agitators  are  unnecessary 
in  the  sands  of  the  Mississippi  Eiver.  The  wear  and  tear  of  the  cutter 
machinery  is  a  very  large  item  of  expense,  to  say  nothing  of  the  power 
required.  The  jet  agitators  are  quite  efficient,  are  much  more  econom- 
ical in  point  of  repairs  and  power  required,  and  are  more  simple  in 
manipulation.  The  push-spud  and  one  anchor-spud  will  be  discarded. 
The  other  anchor-spud  will  be  moved  to  the  bow  of  the  boat.  The 
spud-hoist  will  be  discarded.  The  forward  battery  of  boilers  will  be 
turned  end  for  end  in  order  to  properly  distribute  the  weights  under 
the  new  arrangements,  and  to  improve  the  facilities  for  coaling.  Much 
of  this  work  would  probably  be  deferred  were  it  not  that  the  boat 
must  be  put  [into  dry  dock  to  make  the  hull  repairs,  and  this  oppor- 
tunity is  seized  for  making  the  changes  outlined. 

A  general  view  of  the  Beta,  as  she  will  appear  after  remodeling,  is 
shown  in  Fig.  9. 

Dredge  Gamma. 

The  Act  of  Congress  of  June  3d,  1896,  was  the  first  to  formally 
recognize  and  require  the  use  of  dredge  boats  and  other  devices  as  an 
adjunct  to  the  permanent  improvement  of  the  lower  Mississippi  River. 
The  Act  referred  to  requires  that  as  much  of  the  money  appropriated 
as  may  be  necessary: 

"Shall  be  expended  in  the  construction  of  suitable  dredge  boats 
and  other  devices  and  appliances,  and  in  the  maintenance  and  opera- 
tion of  the  same,  with  a  view  to  ultimately  obtaining  and  maintaining 
a  navigable  channel  from  Cairo  down,  not  less  than  250  ft.  in  width 
and  9  ft.  in  depth,  at  all  periods  of  the  year,  exce^jt  when  navigation 
is  closed  by  ice." 

This  formal  recognition  of  the  necessity  of  temporary  relief  for 
low-water  navigation  resulted  in  the  early  construction  of  four  more 
dredges. 

The  contract  for  the  Gamma  was  let  in  July,  1896,  to  the  Bucyrus 
Steam  Shovel  and  Dredge  Co. ,  at  South  Milwaukee,  Wis.  The  capacity 
required  was  800  cu.  yds.  of  ordinary  river  sand  per  hour,  delivered 
through  1  000  ft.  of  pipe  with  a  single  centrifugal  pumj).  The  price 
paid  was  $85  530. 60,  and  the  time  fixed  for  completion  was  nine 
months.  This  dredge  was  used  in  actual  work  throughout  the  low- 
water  season  of  1897,  and  was  found  to  be  very  satisfactory,  both  in 
capacity  and  economy. 
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The  hull  of  the  Gamma  is  of  steel,  and  is  138  ft.  long  over  all,  38 
ft.  wide  and  8  ft.  deep.  There  is  a  well  at  the  bow  32i  ft.  long,  in 
which  the  suction  is  placed. 

The  framing  of  the  hull  consists  of  12-in.  channels,  stiffened  with 
I-beam  keelsons.  The  framing  is  shown  in  Fig.  1,  Plate  XXV.  Cross 
bulkheads  divide  the  hull  into  two  compartments,  one  for  the  boiler, 
and  the  other  for  the  engines.  These  are  surrounded  by  water-tight 
compartments  and  are  decked  over. 

The  main  dredging  pump  is  located  in  the  forward  part  of  the 
engine  room.  It  is  a  centrifugal  pump,  with  a  24:-in.  suction  inlet  on 
each  side  and  a  34-in.  discharge  at  the  bottom.  The  runner  is  5  ft.  9 
ins.  in  diameter,  and  has  four  blades.  It  revolves  at  a  sjjeed  of  about 
150  revolutions  per  minute.  The  pump  casing  is  split  horizontally 
through  the  axis,  so  that  the  upper  half  can  be  removed  in  making  re- 
pairs. The  casing  is  of  cast  iron,  from  If  to  2J  ins.  thick.  The  shaft 
passes  through  the  pump,  and  has  a  bearing  on  each  side  of  the  casing. 
At  these  bearings  the  shaft  is  8  ins.  in  diameter.  The  pump  is  driven  by 
a  cross-compound,  condensing  engine  with  an  independent  condenser. 
The  high  and  low-pressure  engines  are  horizontal,  and  are  connected 
to  two  disc  cranks  set  at  right  angles  and  keyed  to  opposite  ends  of 
the  pump  shaft.  The  high-j^ressure  cylinder  is  18  ins.  and  the  low- 
Ijressure  32i  ins.  in  diameter;  the  stroke  is  22  ins.  The  high-i^ressure 
cylinder  has  an  adjustable  cut-off,  with  a  hand  adjustment  to  regulate 
the  point  of  cut-off.  Expansion  relief-valves  are  provided  for  the  low- 
l^ressure  cylinder.  These  engines  develop  about  500  H. -P.,  with  a 
boiler  pressure  of  140  lbs.  The  jet  pump  is  of  the  centrifugal  type,  Tvith 
18-in.  suction  and  discharge.  This  pump  supplies  the  water  to  stir 
up  the  sand  at  the  suction  head.  The  runner  has  four  arms,  with  steel 
tips,  running  as  close  as  j^racticable  to  the  casing,  to  obtain  the 
greatest  available  pressure.  This  pump  and  its  engine  rest  on  a  com- 
mon bed  plate,  and  have  a  flange-couijled  shaft  for  pump  and  engine. 
The  engine  is  a  compoimd  condensing  engine  of  the  marine  type.  The 
high-pressure  cylinder  is  12  ins.  and  the  low-pressure  22  ins.  in 
diameter,  with  a  common  stroke  of  14  ins.  The  crank  shaft  has  the 
cranks  set  at  right  angles.  The  cylinders  have  jjlain  slide  valves.  All 
parts  are  provided  with  automatic  apparatus  for  lubrication. 

The  air  jjump  is  horizontal,  with  single  steam  cylinder  10  ins.  in 
diameter,  air  cylinder  18  ins.  in  diameter,  and  18-iu.  stroke.     The  con- 
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denser  receives  the  steam  from  both  main  and  jet  pumps,  and  is  so 
arranged  that  the  steam  can  pass  directly  to  the  atmosphere.  The 
overflow  from  the  condenser  jjasses  through  a  chamber,  forming  a  hot- 
well  for  the  boiler  feed  pumps.  There  are  two  feed  pumps  and  one 
fire  pump,  so  arranged  that  any  one  of  them  can  be  connected 
with  the  feed-water  pipe  or  the  fire  hose.  These  pumps  are  vertical, 
duplex,  outside-packed  plunger  jsumps,  with  Ti-in.  steam  cylinders, 
47-in.  water  plungers  and  8-in.  stroke.  An  ordinary  sand  filter,  with 
ahim  as  a  coagulent,  is  provided  to  filter  the  water  used  in  the  galley 
and  cabin.  A  sej^arate  pump  forces  the  water  through  the  filter  to  a 
tank  on  the  roof,  and  from  there  it  is  piped  to  various  jjarts  of  the  boat. 
The  main  hauling  winches  are  located  on  ojiposite  sides  of  the  boat 
near  the  bow.  They  are  driven  independently  and  are  provided  with 
fast  and  slow  feed  controlled  by  clutches.  The  drums  are  42  ins.  in 
diameter  and  42  ins.  long,  which  gives  sjjace  for  1  200  ft.  of  |-in.  wire 
rope.  Each  drum  is  driven  by  a  jsair  of  7  x  7-in.  double  cylinder 
engines  with  cam  reverse,  and  the  power  is  transmitted  through  a  com- 
bination of  worm  and  spur  gearing.  The  movement  is  controlled  by 
means  of  a  brakewheel  and  strap.  The  speed  ratio  is  81  to  1  for  fast  and 
493  to  1  for  slow  speeds.  The  hoisting  engine  for  raising  the  suction  pipe 
has  a  drum  24  ins.  in  diameter  and  24  ins.  long.  It  is  fitted  with  brake, 
spur  gear,  pinion,  clutch  and  shifting  device.  This  engine  also  operates 
a  shaft  terminating  in  gipsy  heads,  which  can  be  used  in  lieu  of  the 
capstans.  The  whole  is  driven  by  a  pair  of  horizontal,  double-cylinder, 
8  X  10-in.,  plain,  slide-valve  engines,  jsrovided  with  steam  reverse. 

The  anchor  spud  is  hoisted  by  means  of  an  iipright,  single-acting, 
steam  cylinder,  18  ins.  in  diameter  and  6-ft.  stroke.  The  piston  is  at- 
tached to  a  cam  clamp  at  its  upj^er  end,  which  grips  and  holds  the 
spud  against  the  slides.  Steam  enters  at  the  bottom  of  the  cylinder 
through  a  three-way  valve,  raising  the  piston  and  spud  to  the  height 
of  its  movement.  When  the  valve  is  turned  to  the  exhaust  j^ort  the 
piston  and  clamp  descend,  the  spud  being  supported  by  a  rack  and 
pinion.  The  pawl  locking  the  jjinion  is  hinged  between  its  center  of 
movement  and  point,  and  the  tripping  is  effected  by  making  the  pawl 
buckle  on  itself  so  that  the  point  turns  under.  This  releases  its  hold 
and  allows  the  spud  to  droj). 

Steam  for  the  above-described  plant  is  furnished  by  six  boilers  48 
ins.  in  diameter  and  28  ft.  long,  with  five  11-in.  flues  in  each.     These 
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boilers  are  arranged  in  two  batteries  so  that  they  can  be  used  separ- 
ately if  desired.  They  are  designed  to  carry  a  pressure  of  140  lbs. 
The  fire-bed  and  ash-pan  rest  directly  on  the  keelsons.  Directly  in 
front  of  the  fire  doors  are  coal  bunkers  having  a  capacity  of  40  tons. 
The  bottoms  of  the  mud  drums  are  below  the  water-line,  hence  a  special 
cleaning  device  is  provided  by  means  of  a  tank  set  between  the  keel- 
sons under  the  mud  valves.  The  mud  and  water  remaining  in  the 
drums  are  drawn  off  into  the  tank,  and  then  syphoned  out.  The  feed 
water  is  heated  by  passing  through  two  pipes  hung  in  brackets  from 
the  sides  of  the  parting  wall  between  the  two  battery  furnaces. 

The  two  intake  pipes  at  the  pump  casing  run  forward  to  the  suc- 
tion head.  They  are  hinged  to  the  boat  at  the  bow  by  two  flanges 
connected  by  a  jjivot  pin  on  the  lower  side  and  jirovided  Avith  a  circu- 
lar stuffing-box,  making  a  radial  joint  that  will  allow  the  suction  to  be 
lowered  to  a  depth  of  15  ft.  Outside  of  the  joint  the  jjipes  and  suc- 
tion head  are  framed  together  and  rigidly  connected  so  as  to  form  es- 
sentially one  piece.  At  the  suction  head  the  pipes  are  11  ft.  apart 
from  center  to  center.  The  suction  head  for  each  pipe  is  8  ft.  long 
and  they  are  3  ft.  apart,  foi-ming  one  suction  head  19  ft.  long  over  all. 
The  suction  head  proper  has  two  inlets,  one  for  the  upijer  and  one  for 
the  bottom  intake,  and  between  the  two  is  a  triangular  pressure  cham- 
ber running  the  whole  length  of  the  head.  This  connects  directly 
with  the  jet  pump.  This  chamber  has  nine  2  J -in.  nozzles  through 
which  the  water  from  the  jet  pump  is  forced  with  sufficient  i:)ressure 
to  loosen  the  sand  in  front  of  the  suction.  The  discharge  pipe  is  34 
ins.  in  diameter.  It  runs  from  the  bottom  of  the  pump  casing  along 
the  floors  between  the  two  central  keelsons,  under  the  partition  walls 
between  the  batteries  of  boilers,  and  through  the  stern  of  the  hull, 
with  the  center  of  the  pipe  4  ft.  above  the  bottom  of  the  hull  at  its  exit. 
Near  the  pump  the  entire  pipe  is  below  the  water-line,  and  the  priming 
is  done  by  means  of  a  steam  syphon  at  the  top  of  the  pump  casing. 
The  floating  discharge  pipe  is  1  OUO  ft.  long,  divided  ijito  20  sections, 
each  50  ft.  long.  They  are  made  of  \-m.  tank  steel.  The  pipes  are 
floated  by  means  of  40  cylindrical  pontoons,  each  23  ft.  9  in.  long  and 
.30  ins.  in  diameter.  These  are  made  of  n.-in-  tank  steel.  They  are 
attached  to  the  discharge  pipe  by  means  of  truss  frames  constructed 
of  bar  and  angle  irons,  so  designed  as  to  receive  and  clamp  the  dis- 
charge pipe  and  carry  the  pontoons  on  either  side.     The  pipe  line  is 
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attached  to  the  hull  section  of  the  discharge  pipe  by  means  of  a  male 
and  female  bevel-flanged  coupling,  a  davit  being  used  to  swing  the 
floating  pipe  into  position. 

The  hull  has  a  cabin  97  ft.  long  and  29  ft.  wide,  which  protects  the 
machinery  and  provides  quarters  for  the  crew.  There  is  also  a  repair 
shop,  provided  with  a  lathe,  drill  i:)ress,  emery  grinder  and  other  appli- 
ances needed  in  making  ordinary  repairs.  An  electric  plant  furnishes 
light  for  one  4  OOO-candle-jDower  search-light,  four  arc-lights  of  1  200- 
candle-power  each,  and  75  incandescent  lamps  of  16-candle-power  each. 

All  the  winches,  the  spud  hoist  and  the  search-light  are  manipula- 
ted from  the  operating  room.  This  dredge  is  towed  from  point  to 
point,  and  while  dredging  is  oi)erated  similarly  to  the  Alpha. 

Four  10-in.  and  four  12-in.  hydraulic  piles  33  ft.  long  are  jjrovided, 
similar  to  that  shown  in  Fig.  7.  A  general  elevation  of  this  dredge  is 
shown  in  Fig.  2,  Plate  XXY,  and  the  arrangement  of  the  machinery, 
etc.,  may  be  seen  in  Fig.  10. 

This  dredge  Avas  tested  near  St.  Louis,  Mo.,  in  August,  1897,  and, 
after  the  completion  of  the  tests,  she  was  used  in  actual  dredging  be- 
tween Cairo  and  Memphis  until  early  in  December  of  the  same  year. 
The  general  efficiency  test,  called  for  by  the  contract,  required  that 
the  dredge  should  be  operated  60  working  days  of  12  hours  each  in 
water  from  5  to  15  ft.  deep,  and  with  sand  of  such  difi'erent  degrees  of 
coarseness  as  will  be  found  on  the  low-water  bars.  After  this  had 
been  done  and  the  machinery  found  satisfactory,  then  20  capacity 
tests  were  required  to  be  made  with  the  suction  at  different  depths. 
This  last  requirement  was  considered  filled  when  the  total  amount 
pumped  per  hour  divided  by  20  was  equal  to  or  exceeded  the  required 
capacity  of  800  cu.  yds.  per  hour. 

The  weights  of  the  princijial  parts  are  as  follows:  Hull,  328  328  lbs. ; 
cabin,  117  449  lbs. ;  main  pump  and  engines,  74  722  lbs. ;  jet  pump  and 
engines, 21  717  lbs.;  auxiliary  engines,  drums,  levers,  etc.,  46  937  lbs.; 
air,  feed  and  fire  pumps,  15  695  lbs. ;  electric  light  plant,  7  700  lbs. ; 
boilers  and  accessories,  325  911  lbs. ;  suction  head,  49  534  lbs. ;  floating 
discharge  pipe  and  pontoons,  244  916  lbs. ;  hull  fittings,  31  580  lbs. 
Total,  1  019  623  lbs.     The  working  draft  of  the  dredge  is  about  46  ins. 

Construction  was  begun  in  June,  1896,  and  the  dredge  was  prac- 
tically completed  in  March,  1897. 

The  results  of  the  official  tests  are  given  in  Table  No.  4. 
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Dredge  Delta. 

The  dredge  Delta  was  constructed  under  contract  with  the  New 
York  Dredging  Co.,  which  sublet  the  construction  of  different  parts 
to  various  manufacturers  and  builders  of  machinery.  The  contract 
price  for  this  dredge  was  $124  940.  It  differs  from  the  Gamma  chiefly 
in  having  a  mechanical  agitator  instead  of  jets,  in  its  hoisting  and 
hauling  winches,  and  in  the  form  of  pump.  Its  capacity  is  also  some- 
what greater.  Its  construction  was  begun  in  June,  1896,  and  it  was 
practically  completed  by  the  end  of  June,  1897.  After  the  tests  were 
finished,  this  dredge  was  used  in  removing  sand  bars  below  Cairo 
throughout  the  low-water  season  of  1897. 

The  hull  is  of  steel,  175  ft.  long,  38  ft.  wide,  and  8^  ft.  deep.  A 
fender  24  ft.  long  is  carried  around  the  suction,  making  the  boat  199 
ft.  long  over  all.  The  bow  and  stern  of  the  hull  have  short  rakes,  and 
the  midship  section  is  rectangular.  The  frames  of  the  hull  are  22  ins. 
apart  between  centers.  Angles  are  used  for  the  deck  beams  and  Z-bars 
for  the  floors.  There  are  two  longitudinal  bulkheads  running  the  full 
length  of  the  boat,  and  five  cross-bulkheads.  They  are.  all  made  of 
-1%-in.  plate,  with  double  angles  at  top  and  bottom.  All  are  water- 
tight and  have  a  syphon  in  each  of  the  compartments.  The  thickness 
of  the  side  plating  of  the  hull  is  f  in.  and  of  the  other  hull  plating 
-1^6  ill-  It  is  all  laid  fore  and  aft,  is  lapped  and  single-riveted,  except 
on  deck,  where  the  seams  are  planed  and  butted  and  fastened  with 
6-in.  butt-straps  single-riveted.  Cross-seams  are  similarly  butted  and 
riveted. 

Special  foundations  of  12-in.  I-beams  are  provided  for  sustaining 
the  heavy  machinery  and  boilers.  The  boat  is  provided  with  a  cabin 
156  ft.  long,  which  protects  the  machinery  and  furnishes  quarters  for 
the  crew.  The  operating  room  is  at  the  forward  end  of  the  cabin,  and 
is  fitted  with  levers  and  brakes  by  means  of  which  the  boat  is 
maneiTvered. 

The  dredging  pump  is  different  from  those  on  the  dredges  hereto- 
fore described,  in  the  shape  of  the  casing  and  the  runner.  The 
runner  has  five  blades  22  ins.  wide,  and  is  7  ft.  in  diameter.  The 
edges  run  close  to  the  casing,  but  the  runner  is  not  concentric  with  the 
casing,  hence  the  outer  ends  of  the  arms  are  nearer  one  side  of  the 
casing  than  the  other,  the  widest  space  being  at  the  bottom,  and  the 
space  being  nearly  cut  off  by  a  projection  in  the  casing  at  the  upper 
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side  of  the  discharge  opening.  The  shape  of  the  pump  runner  and 
the  upper  half  of  the  casing  is  shown  in  Fig.  1,  Plate  XXVI.  The 
axis  of  the  pump  is  parallel  to  the  axis  of  the  boat  and  lies  over  the 
center  line  of  the  same.  The  thickness  of  the  sides  of  the  casing  is 
2  ins. ,  and  that  of  the  outer  circumference  is  3  ins.  It  is  lined  on  the 
inner  side  with  steel  plates  fastened  with  countersunk  bolts.  This 
lining  can  be  renewed  when  worn  out .  The  shaft  of  the  runner  is  of 
forged  steel  7A  ins.  in  diameter  and  7i  ft.  long.  It  is  fitted  to  the 
runner  by  a  taper  joint  secured  by  a  cap  nut  and  two  keys.  The  shaft 
has  one  long  bearing  through  the  aft  side  of  the  casing.  It  is  provided 
with  water  bushing  under  pressure  to  keep  the  sand  out  of  the  bearing. 
The  sand  pump  is  driven  by  a  vertical,  inverted,  two-crank,  com- 
pound-condensing engine,  with  22  and  48-in.  cylinders  and  24- in. 
stroke.  It  is  fitted  with  a  piston  and  slide  valve  and  has  an  adjust- 
able cut-off  for  the  piston  valve.  The  cylinders  are  su.pi}orted  by 
two  cast-iron  back  frames  of  box  section,  and  four  taper-steel  front 
columns  2|  and  3f  ins.  in  diameter.  The  bed  plate  is  of  cast  iron,  box- 
girder  pattern,  8  ft.  9  ins.  long  by  8  ft.  9}  ins.  wide  over  flanges,  and 
20^  ins.  deep  from  center  of  shaft.  It  has  four  babbitted  journals  13 
ins.  long  and  8.V  ins.  in  diameter.  The  steam  chests  are  reached  by 
means  of  a  stairway  and  gallery.  The  usual  accessories  in  the  way  of 
relief  valves,  drains,  lubricators,  etc.,  are  provided.  This  engine  was 
designed  to  develop  800  H.-P.  at  140  revolutions  i^er  minute,  with  a 
boiler  pressure  of  160  lbs.  and  a  vacuum  of  25  ins. 

The  air  pump  and  jet  condenser  has  a  steam  cylinder  12  ins.  in 
diameter,  a  water  cylinder  18  ins.,  and  24-in.  stroke.  The  condenser  is 
mounted  vertically  over  the  water  cylinder.  The  air  cylinder  is 
copper-lined  18  by  24  ins. ,  and  the  plunger  is  packed  with  soft  pack- 
ing. The  valve  seats  are  brass  and  the  valves  are  of  hard  rubber.  A 
brass  spray-cylmder  throws  the  water  out  in  jets. 

The  engine  which  drives  the  cutters  is  horizontal,  two-cylinder  and 
non- reversible,  all  attached  to  a  sliding  steel  frame,  which  moves  back 
and  forth  in  guides  as  the  cutter  is  raised  or  lowered.  This  is  neces- 
sary because  the  shaft  which  drives  the  sprocket  chain  is  not  in  the 
axis  of  motion  on  which  the  suction  and  cutter  revolve.  The  whole 
engine,  with  its  frame,  follows  the  motion  of  the  shaft,  so  that  the  gear 
and  pinion  are  always  engaged.  To  admit  of  this  motion,  the  steam 
pipes  are  provided  with  slip  joints.     The  cylinders  of  this  engine  are 
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12^  ins.  in  diameter  and  have  a  15-in.  stroke,  with  the  locomotive  type 
of  slide  valve.  It  operates  the  cutters  through  spur  gears  and  a 
sprocket  chain. 

The  fire  pump  is  duplex,  with  two  steam  cylinders  8  ins.  in  diam- 
eter and  two  5-in.  plungers  with  a  stroke  of  10  ins.  The  suction  is  5 
ins.  in  diameter,  and  the  delivery  4  ins.  This  pump  furnishes  water 
to  all  the  journals  where  water  pressure  is  used  to  keep  out  sand. 
The  feed  pump  is  also  duplex,  with  two  steam  cylinders  7  ins.  in  di- 
ameter, two  plungers  -U  ins.  in  diameter,  with  a  stroke  of  8  inches. 

A  pressure  filter  7  ft.  iu  diameter,  with  a  capacity  of  about  65  galls, 
per  minute  is  provided.  A  special  3  by  4-iu.  engine  is  used  to  revolve 
the  cleaners. 

A  7  by  9-in.  vertical  engine  is  provided  to  run  the  machines  in  the 
repair  shop  and  the  electric  generator. 

There  are  two  winding  drums  located  forward  of  the  sand  pump, 
one  on  the  starboard  and  the  other  on  the  port  side  of  the  hull.  These 
are  42  ins.  in  diameter  and  42  ins.  long,  mounted  on  a  6-in.  shaft  with 
two  bearings  in  the  main  pillow-blocks  carrying  a  48-in.  gear  wheel  at 
one  end,  and  an  84-in.  gear  wheel  at  the  other.  These  drums  are 
provided  with  clutches  and  brakes,  and  are  driven  by  two  independent 
double-cylinder,  horizontal  engines  with  10-in.  by  12-in.  cylinders. 

The  ladder  hoist  for  raising  and  lowering  the  suction,  and  the  spud 
hoist  for  raising  the  spud,  each  have  drums  24  ins.  in  diameter  and  24 
ins.  long.  The  former  is  on  the  starboard,  and  the  latter  on  the  port 
side  of  the  boat.  The  cables  from  these  drums  lead  to  the  roof  and 
thence  out  through  sheaves  to  the  ladder  and  spud.  These  drums  are 
operated  by  the  same  engines  that  operate  the  winding  drums. 

Steam  is  supplied  by  four  Heine  safety  boilers  rated  at  250-H.-P. 
each.  These  boilers  have  two  shells  36  ins.  in  diameter  and  19  ft.  4 
ins.  long;  two  water  legs  of  flanged  and  riveted  sheets  held  by  hollow 
stay  bolts;  140  lap- welded  tubes  Sh  ins.  in  diameter  and  16  ft.  long^ 
and  one  submerged  movable  mud  drum  in  each  shell.  These  boilers 
are  erected  in  two  batteries  on  the  main  deck  near  the  aft  end  of  the 
boat.  For  each  battery  there  is  one  stack,  68  ins.  in  diameter  and  64 
ft.  high  above  the  grate.  The  feed  water  is  heated  by  passing  through 
a  heater  with  a  shell  3  ft.  1^  ins.  in  diameter,  fitted  with  114  cor- 
rugated copper  tubes  IV  ins.  in  diameter  and  78  ins.  long.  This 
heater  is  situated  in  the  center  of  the  boat  between  the  boilers  and  the 
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main  engine.  The  main  steam  pipe  is  6  ins.  in  diameter,  the  feed  pipe 
4  ins.,  and  the  drip,  blow-off  and  safety  pipes  are  2  ins.  in  diameter. 

The  intake  of  the  sand  pump  is  from  one  pipe  34  ins.  in  diameter, 
entering  in  the  axis  of  the  pump  at  the  forward  side  of  the  casing. 
This  single  pipe  runs  25  ft.  to  the  forward  bulkhead  and  there 
branches  into  two  pipes,  each  24i  ins.  in  diameter,  which  separate  and 
l^ass  through  the  bow  of  the  boat  below  the  water-line  9  ft.  apart. 
These  two  pipes  turn  to  the  right  and  left  square  along  the  outside  of 
the  bow  and  then  turn  forward  again  and  each  branch  separates  into 
two  pipes  17.2^  ins.  in  diameter,  which  connect  with  the  suction  head. 
The  whole  is  framed  together  so  that  the  four  pipes,  suction  head  and 
cutters  are  raised  and  lowered  together  as  one  piece.  Instead  of  a 
radial  slip  joint  for  the  suction  pipes,  as  used  on  the  dredges  already 
described,  there  is  a  vertical  flanged  joint  in  the  horizontal  part  of  each 
pipe  next  to  the  bow,  and  the  revolving  pins  that  sustain  the  weight 
of  the  aft  end  of  the  suction  are  placed  in  the  prolonged  axes  of  these 
pipes. 

The  cutter  for  loosening  up  the  material  is  placed  at  the  outer  end 
of  the  suction  head.  It  has  twenty-two  cast-steel  wheel  cutters,  each 
having  foiir  blades  mounted  on  a  steel  shaft  61  ins.  square.  This 
shaft  is  driven  by  the  cutter  engine  by  means  of  two  steel  sprocket 
chains,  at  a  rate  of  about  eight  revolutions  per  minute  (see  Fig.  2, 
Plate  XXVI).  The  discharge  outlet  is  on  the  starboard  side  of  the 
casing  near  the  bottom,  and  leaves  the  pump  at  right  angles  to  the 
intake.  After  leaving  the  pump  the  pipe  rises  so  that  the  center  is 
slightly  above  the  axis  of  the  pump,  and  runs  aft  parallel  to  the  side 
of  the  hull  until  it  passes  the  main  engine.  Here  it  bends  over  to  the 
center  line  of  the  hull,  and  the  center  of  the  pipe  drops  about  11  ins. 
below  the  water-line  and  runs  straight  aft  under  the  boilers,  through 
the  stern,  where  the  floating  pipe  is  coupled  on. 

The  floating  discharge  pipe  is  1  000  ft.  long,  with  the  usual  rubber 
couplings  at  intervals  of  50  ft.  There  are  jjontoon  floats  on  each  side 
of  this  pipe,  U-sliap^d  in  section,  with  the  flat  side  closed,  and  they 
sustain  the  pipes  in  yokes  which  are  firmly  attached  to  the  floats. 
There  is  a  baffle  plate  at  the  end  of  the  pipe  line. 

The  dredge  is  provided  with  sixteen  hydraulic  piles,  six  of  which 
are  10  ins.  in  diameter  and  38  ft.  long  and  ten  are  6  ins.  in  diameter  and 
25  ft.  long. 
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The  various  parts  of  tlie  winding  machinery  can  be  handled  and 
moved  by  means  of  a  5-ton  traveling  crane.  A  traveler  is  also  pro- 
vided, with  which  to  move  the  pump  and  main  engine.  The  repair 
shop  contains  a  screw-cutting  engine-lathe,  a  drill  press,  a  black- 
smith's forge  and  a  full  set  of  tools. 

The  boat  is  equipped  with  one  search  light,  two  arc  lights  and  100 
incandescent  lamps. 

The  weights  of  the  various  parts  of  the  dredge  are  about  as  fol- 
lows: 

Hull 489  500  lbs. 

Main  pump  and  engine   105  568  " 

Cutter  engines  and  machinery  45  000  ' ' 

Winding  engines  and  machinery,  with  extras 47  000  " 

Air,  feed  and  fire  pumps,  with  extras 11  900  " 

Electric  plant  engines,  dynamos,  etc 4  275  " 

Heater,  separator  and  filter 21  500  " 

Derrick,  ladder,  travelers,  tackle  sheaves,  bolsters, 

tools,  etc 44  000  " 

Capstans,  spud,  piping  and  fittings,  deck  fittings, 

etc 42  000  " 

Discharge  and  suction  pipes  pertaining  to  hull ....       51  300  ' ' 

Boilers,  stacks,  etc. ,  complete 320  000  ' ' 

Cabin,  complete 180  000  " 

Spare  parts  for  main  pump,  etc 13  565  " 

Total  approximate  weight 1  375  608  " 

The  weight  of  the  floating  pipe  line  is  221  477  lbs. 

This  dredge  was  launched  on  February  20th,  1897,  and  the  tests 
were  completed  August  11th,  1897. 

The  results  of  the  efliciency  and  capacity  tests  are  given  in  Table 
No.  5. 

Dredges  Epsilon  and  Zeta. 

The  construction  of  the  dredges  Epsilon  and  Zeta  was  begun  early 
in  January,  1897.  They  were  built  under  contract  with  the  Spring- 
field Boiler  and  Manufacturing  Company,  of  Springfield,  111.  The 
Avork  done  by  this  company  at  its  own  shops  was  confined  chiefly  to 
the  hulls,  floating  pipe  lines,  boilers,  and  other  plate  work.  The 
pumps,  engines,  etc.,  were  sublet  to  other  manufacturers. 
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The  stipulated  capacity  of  these  dredges  is  1  000  cu.  yds.  of  ordin- 
ary river  sand  per  hour,  dredged  from  a  maximum  depth  of  15  ft.,  and 
delivered  through  1  000  ft.  of  floating  pipe. 

The  dredges  are  alike  throughout,  except  that  the  Epsilon  has  water 
jet  agitators  and  the  Zeta  has  mechanical  agitators.  The  contract 
price  of  the  Epi^ilon  is  .'$102  000,  and  of  the  Zeta  $106  000. 

The  hulls  are  of  steel,  157  ft.  long,  40  ft.  wide  and  11  ft.  deep. 
There  is  a  well  at  the  bow  35  ft.  long,  18  ft.  wide  at  the  hull,  and  22| 
ft.  wide  at  the  forward  end.  There  are  two  open  spaces  in  the  hull, 
one  for  the  engine  and  pumps,  and  one  for  the  boiler  and  coal  bunkers. 
All  other  parts  of  the  hull  are  decked  over. 

The  floor  beams  are  12-in.  steel  channels,  25  lbs.  per  foot.  The 
frames  are  3  x  4-in.  angle  irons,  11  lbs.  per  foot,  and  are  spaced  24  ins. 
between  centers  throughout  the  engine  compartment,  and  30  ins.  for 
the  other  parts  of  the  hull.  There  are  ten  15-in.  I-beam  keelsons,  the 
two  outer  ones  weighing  55  lbs.  per  foot  and  the  others  45 lbs.  per  foot. 
These  keelsons  are  riveted  to  the  floor  beams. 

The  greater  part  of  the  hull  plating  is  f  in.  thick.  The  center 
strake  of  the  bottom  plating,  the  upper  strake  of  the  side  plating  and 
the  bow  end  plates  are  f  in.  thick.  The  deck  plating  is  \  in.  thick. 
The  butts  of  all  outside  plates  are  planed  so  as  to  fit  closely.  The 
longitudinal  seams  are  lapped  2i  ins.  and  single  riveted.  The  plates 
are  butted  on  the  transverse  seams  and  riveted  to  butt  straps  \  in. 
thicker  than  the  plates. 

The  hull  is  divided  into  eleven  water-tight  compartments  by  two 
longitudinal  bulkheads  and  five  cros^  bulkheads. 

The  frames  in  the  engine  and  boiler  pits  are  covered  with  A-in. 
plates.  Special  beams  and  angles  are  provided  for  supj)orting  the 
machinery. 

The  main  sand  pump  is  located  on  the  axis  of  the  hull,  in  the  for- 
ward part  of  the  engine  pit.  It  is  similar  in  form  to  that  on  the 
Gamma.  That  is  to  say,  it  has  a  divided  suction,  consisting  of  two 
24-in.  pipes,  admitting  the  water  on  both  sides  of  the  casing,  and  the 
shaft  of  the  runner  extends  through  the  casing  with  a  bearing  at  each 
side.  The  main  bearings  of  the  pump  runner  are  protected  from  sand 
by  means  of  a  ring  of  water  under  pressure  supplied  by  the  fire  pump. 
The  discharge  is  from  the  bottom  of  the  casing  and  is  32  ins.  in 
diameter.     The  pump  runner  is  5  ft.  9  ins.  in  diameter  and  has  seven 
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blades  11 1  ins.  wide  at  the  outer  ends.  It  is  to  be  run  at  a  speed  of 
about  160  revolutions  per  minute.  Pressure-gauges  are  provided  to 
show  the  suction  and  delivery  heads. 

The  main  engines  which  operate  the  pump  aie  connected  to  the 
ends  of  the  shaft  passing  through  the  jiump  runner  by  means  of 
flanged  couplings.  There  is  a  tandem-compound  engine  at  each  end 
of  the  shaft,  each  having  cylinders  16  and  26  ins.  in  diameter  and  an 
18-in.  stroke.  The  cranks  are  set  at  right  angles  with  one  another. 
These  engines  are  balanced  in  a  horizontal  direction,  and  automatic 
governors  are  provided  to  regulate  the  speed.  They  are  designed  to 
develop  650  H.  -P.  at  about  180  revolutions  per  minute,  with  a  boiler 
pressure  of  150  lbs.  Plate  XXVII  show  the  engine  in  place.  The 
engine  sub-bases  connect  with  and  are  bolted  to  the  base  of  the  pump 
casing,  thus  forming  a  common  base  for  the  whole.  Table  No.  6 
shows  the  performance  of  these  engines  on  the  Zeta. 


TABLE  No.  6.— Showing  Eesults  ot  Tests  of  U.  S.  Dredge  Zeta, 
AT  New  Madrid,  Mo.,  January,  1898.  Size  of  Engine,  16  Ins.  x 
26  Ins.  x  18  Ins. 
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184 
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Notes. — 

After  taking  Card  No.  1,  the  governor  was  changed  to  a  more  sensitive  position. 

Shaft  broke  outside  of  main  journal  on  starboard  engine  two  minutes  after  cards 
were  taken. 

The  Epsilon  has  a  15-in.  centrifugal  jet  pump  operated  by  a  vertical 
cross-compound  engine  with  cylinders  12  and  22  ins.  in  diameter  and 
with  12-in.  stroke.  The  engine  is  on  the  same  base  as  the  pump,  and 
is  directly  connected  with  a  flanged  coupling.     This  pump  is  on  the 
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starboard  side  at  the  rear  end  of  the  engine  pit.  The  intake,  18  ins.  in 
diameter,  is  on  the  side,  and  the  discharge  pipe,  15  ins.  in  diameter, 
leaves  the  casing  at  the  bottom  and  leads  to  the  pressure  chamber  at 
the  suction  head  (Fig.  1,  Plate  XXVIII  >.  Two  boiler  feed  pumps  are 
located  in  the  engine  pit  opposite  the  jet  pump,  near  the  port  side  of 
the  boat.  The  cylinders  are  8  and  4J  ins.  in  diameter,  and  the  stroke 
is  10  ins.  There  is  also  a  fire  pump,  with  cylinders  10  and  5  ins.  in 
diameter,  with  a  10-in.  stroke.  These  pumps  are  arranged  with  suit- 
able cut-off  valves  so  that  they  can  be  used  together  or  singly,  as  may 
be  desired. 

The  winding  engines  and  the  hoisting  and  hauling  drums  are  loca- 
ted near  the  bow  of  the  boat.  The  hauling  engines  for  controlling 
the  movements  of  the  boat  are  located  one  on  each  side  of  the  bow. 
The  drums  are  42  ins.  long  and  42  ins.  in  diameter,  and  hold  about 
1  200  ft.  of  |-in.  wire  rope  in  two  laps.  Each  of  these  drums  is 
operated  by  an  8  by  8-in.  double-cylinder  engine  provided  with  a 
link  reverse  and  suitable  clutches  and  brakes  giving  fast  or  slow 
motion,  as  may  be  required.  The  suction  hoist  is  situated  a  little  to 
the  port  side  of  the  center  line  of  the  hull.  The  drum  is  14  ins.  long, 
and  42  ins.  in  diameter.  It  is  operated  by  a  double  engine  with  8  by 
8-in.  cylinders.  The  spud  hoist  is  located  just  behind  the  anchor 
spud  and  on  the  starboard  side  of  the  center  line  of  the  hull.  It 
is  also  operated  by  an  8  by  8-in.  double  engine,  and  is  used  for 
raising  or  lowering  the  anchor  spud.  The  drum  is  21  ins.  long  and 
42  ins.  in  diameter.  The  operator  stands  on  an  elevated  platform 
behind  the  winches  and  controls  their  movements  by  means  of  vertical 
levers. 

The  repair  shop  is  located  between  the  operating  room  and  the 
engine  pit.  It  is  provided  with  lathe,  drill  press,  screw  and  bolt 
cutter,  shaper,  forge  and  an  engine  to  run  the  several  machines.  A 
full  set  of  machinist's  and  blacksmith's  tools  is  also  provided.  In  the 
same  room  is  located  the  engine  and  direct-connected  dynamo,  fur- 
nishing light  for  all  parts  of  the  boat  and  also  a  powerful  search  light 
at  the  bow  and  two  arc  lights  at  the  stern. 

On  the  Zeta  the  jet  pump  is  omitted  and  a  mechanical  agitator  for 
stirring  up  the  material  is  used.  This  agitator  consists  of  a  vertical 
scraper  or  harrow  attached  to  the  front  end  of  the  suction  head  which 
is  given  an  up-and-down  motion  by  means  of  a  bell-crank.     It  is  divi- 
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ded  into  two  parts,  which  are  suspended  in  front  of  the  port  and  star- 
board suctions,  respectively.  A  connecting  rod  or  pitman  extends 
from  each  agitator  back  to  the  rear  end  of  the  well,  where  it  connects 
with  a  second  oscillating  crank  operated  by  an  engine  with  10-in.  by 
14-in.  cylinders.  These  engines  are  connected  through  gearing  to  a 
common  shaft  extending  entirely  across  the  boat.  In  order  to  lessen 
the  danger  of  breakage  from  snags  or  other  solid  obstructions,  a 
shearing  pin  is  provided  at  the  angle  of  the  forward  crank  which  is  so 
arranged  as  to  shear  off  before  suflficient  strain  can  come  on  the  agita- 
tor to  break  it.  Mechanically  considered,  its  movements  are  quite 
satisfactory.  In  the  tests  it  was  demonstrated  that  the  capacity  of 
the  pump  with  this  agitator  was  not  much  over  half  the  capacity  of 
the  pump  with  jet  agitators.  It  will  therefore  be  taken  out,  and  jets 
will  be  put  in. 

Steam  for  the  various  machines  described  above  is  derived  from  six 
boilers  located  near  the  aft  end  of  the  boat.  These  boilers  are  48  ins. 
in  diameter  and  28  ft.  long,  with  three  11-in.  and  two  13-in.  flues,  and 
are  designed  for  a  working  pressure  of  140  lbs.  They  are  arranged  in 
two  batteries  so  as  to  be  operated  separately  or  together.  Each 
battery  has  a  smokestack  44  ins.  in  diameter  and  70  ft.  high.  The 
boilers  are  set  below  the  main  deck  and  rest  on  channel  bars  placed 
across  the  keelsons.  The  feed  water  is  pumped  through  a  heater 
which  receives  the  exhaust  steam  from  the  main  engines.  A  donkey 
boiler,  48  ins.  in  diameter  and  9  ft.  high,  is  also  provided  to  furnish 
steam  for  the  electric  light  and  shop  engines  when  the  main  boilers 
are  not  in  use. 

The  two  suction  pipes  run  forward  from  the  pump  casing,  separat- 
ing gradually  until.  12  ft.  apart  at  the  bow.  At  this  point  a  tight 
radial  joint  is  provided,  which  connects  the  pipes  in  the  hull  with  the 
pipes  from  the  suction  head,  and  admits  of  the  vertical  motion  neces- 
sary for  dredging  at  different  depths.  The  suction  can  be  lowered  to 
a  maximum  depth  of  15  ft.  Outside  the  hull  the  two  suctions  are 
framed  together  rigidly  and  are  handled  as  a  single  piece.  The  raising 
and  lowering  is  accomplished  by  means  of  sheaves  and  tackle  attached 
to  a  derrick  frame  located  over  the  forward  end  of  the  suction  well.  A 
straining  frame  is  jirovided  so  that  when  the  suction  is  lowered  to  a 
suitable  depth  it  can  be  locked  ;  it  thus  relieves  the  tackle  of  the 
weight,  and  maintains  the  suction  at  a  constant  depth.     Each  part 
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of  the  suction  head  is  10  ft.  long,  making  the  suction  20  ft.  wide 
over  all. 

The  Epsihn  suction  head  has  a  pressure  chamber  on  the  under  side 
at  the  front  end  connecting  with  the  jet  pump.  Ten  3-in.  jet  nozzles  are 
screwed  into  the  front  side  of  this  pressure  chamber  and  serve  to  loosen 
and  stir  up  the  sand  and  induce  the  flow  of  material  to  the  suction. 

The  discharge  pipe  passes  straight  aft  from  the  pump  between  the 
two  central  keelsons,  and  rests  on  the  floor  beams  for  a  distance  of 
about  52  ft.  From  this  point  it  rises  gradually  for  a  distance  of  22  ft. 
until  the  center  of  the  pipe  is  4  ft.  above  the  bottom  of  the  boat. 
Then  it  runs  horizontally  straight  out  through  the  stern,  projecting 
far  enough  to  couple  on  the  floating  pipe  line.  The  pipe  is  flattened 
out  near  the  pump  casing  so  as  to  depress  it  below  the  water-line  and 
thus  facilitate  priming,  which  is  done  by  using  a  steam  syphon  at  the 
top  of  the  casing.  The  floating  discharge  pipe  is  similar  to  those  pre- 
viously described,  except  that  greater  buoyancy  is  provided,  and  the 
shape  of  the  float  is  somewhat  flatter.  Fig.  2,  Plate  XXVIII,  shows 
some  of  these  pipes  under  construction  and  gives  a  good  idea  of  their 
form.     They  are  built  in  50-ft.  lengths. 

Ti'aveling  cranes  are  provided  for  the  easy  handling  of  the  ma- 
chinery of  the  engine  room  and  the  hoists;  and  there  is  one  steam  cap- 
stan at  each  corner  of  the  dredge.  Steam  syphons  are  provided  for 
allthe  water-tight  compartments.  Six  10-in.  and  ten  7-in.  mooring 
piles  of  the  usual  form  are  provided  for  each  dredge. 

A  velocimeter  is  provided  for  showing  the  velocity  of  flow  in  the 
discharge  pipe.  This  consists  of  two  vertical  tubes  which  pierce  the 
discharge  pipe.  They  are  set  in  the  vertical  plane  passing  through 
the  longitudinal  axis  of  the  discharge  pipe.  About  5  ins.  below  the 
upper  inner  surface  of  the  pipe,  }-in.  tubes,  6  ins.  long,  are  inserted 
horizontally;  the  one  nearest  the  pump  being  open  toward  the  pump 
to  receive  the  pressure  of  flow  and  the  other  turned  in  the  oijjjosite 
direction.  The  upper  ends  of  the  vertical  tubes  connect  with  glass 
tubes  attached  to  suitable  scales.  The  difference  in  the  height  of  the 
columns  of  water  in  the  two  tubes,  when  Avater  is  flowing  through  the 
discharge  pipe,  gives  results  from  which  the  velocity  of  flow  can  be 
deduced. 

Weighing  apparatus,  designed  to  show  the  percentage  of  solid 
matter  passing  through  the  discharge  pipe,  is  also  provided.     To  ac- 
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coinplisli  this,  a  suitable  length  of  the  pipe  is  connected  at  each  end  by 
rubber  thimbles,  which  leaves  the  joints  flexible.  One  end  of  this  pipe 
is  then  supported  by  a  weighing  ajjparatus  properly  counter-balanced. 
An  indicator  is  located  where  it  can  be  i*eadily  seen  by  the  engineer. 
The  pointer  is  set  so  that  it  reads  zero  on  the  dial  Avhen  water  only 
is  pumped.  When  sand  is  pumped  the  pointer  will  show  on  the  dial 
the  Aveight  of  the  same  at  any  moment,  and  consequently  the  percent- 
age of  solid  matter. 

Both  dredges  have  cabins,  for  the  protection  of  the  machinery  and 
to  provide  quarters  for  the  crew.  On  the  main  deck  the  house  is  34  ft. 
wide,  113  ft.  long  and  12  ft.  high.  Above  this  is  the  cabin  proper, 
32  ft.  wide,  1091-  ft.  long  and  9  ft.  high,  built  and  arranged  as  in 
ordinary  steamboat  i^ractice.  There  are  ami^le  accommodations  for  a 
crew  of  tifty. 

The  weights  of  the  various  i^arts  of  each  of  these  dredges  are  about 
as  follows:  Hull,  442  388  lbs.;  main  jjump  and  engines,  117  060  lbs.; 
cutter  engine  and  agitator,  Zeta,  25  000  lbs. ;  jet  pump  and  engine 
Epsilon,  19  010  lbs. ;  winding  engines  and  machinery,  33  436  lbs. ;  fire 
and  feed  pumps,  8  100  lbs. ;  heater,  4  925  lbs, ;  electric  plant,  4  200 
lbs. ;  derrick,  A-frame,  travelers,  sheaves,  pipes  and  fittings,  deck  fit- 
tings, capstans,  etc.,  37  500  lbs.;  discharge  and  suction  pipes  j^ertain- 
ing  to  hull,  Epsilon,  54  447  lbs. ;  same  for  Zeta,  51  509  lbs. ;  boilers, 
stacks,  etc.,  complete,  195  000  lbs. ;  cabin,  complete,  120  000  lbs. ;  total 
apijroximate  weight  of  each  dredge,  1  057  118  lbs. ;  weight  of  floating 
liipe  line,  325  000  lbs. 

The  efficiency  tests  of  these  dredges  were  begun  about  the  middle 
of  .January.  Owing  to  delays  occasioned  by  high  water  and  some 
minor  modifications  that  were  required,  the  capacity  tests  were  de- 
layed until  the  latter  part  of  March,  1898. 

The  results  of  these  tests  are  given  in  Tables  Nos.  7  and  8. 

The  specifications  and  jilans  of  all  the  dredges  of  the  Mississippi 
Biver  Commission  have  been  prepared  under  the  direction  and  sub- 
ject to  the  approval  of  the  Committee  on  Dredges,  consisting  of  Major 
Thomas  H.  Handbury,  Corps  of  Engineers,  U.  S.  A. ;  Henry  Flad,  M. 
Am.  Soc.  C.  E.,  and  B.  M.  Harrod,  Past-President,  Am.  Soc.  C.  E. 

The  dredges  Gamma,  Delta,  Epsilon  and  Zeta  were  constructed 
under  the  direction  of  Captain  H.  E.  Waterman,  Corps  of  Engineers, 
U.  S.  A. 
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Another  dredge  has  been  designed  for  Avork  on  the  river  below 
Cairo,  and  the  contract  for  its  construction  has  been  let.  This  will  be 
a  singie-pump  dredge,  similar  in  form  to  the  Epsilon,  but  will  be  pro- 
vided with  side  wheels  and  propelling  machinery.  The  contract  price 
for  this  dredge  is  $94  970. 

Perhaps  the  most  important  feature  of  a  hydraulic  dredge  is  its 
pump.  As  there  is  a  wide  variance  in  practice  as  to  the  form  and  size 
of  inxmp  runners,  it  will  probably  be  interesting  to  show  the  details 
of  the  several  pumps  now  in  iise  on  the  Mississippi  River.  These  are 
shown  in  the  following  plates  and  figures:  Alpha,  Plate  XXIX;  Beta, 
Figs.  11  and  12;  Gamma,  Plate  XXX;  DeM,  Plate  XXXI;  Eps^ilon  and 
Zeta,  Plate  XXXII. 

The  general  features  of  the  dredges  now  in  use  on  the  Mississippi 
River  below  Cairo  are  summarized  in  Table  No.  9. 

Two  dredges  for  use  on  the  Mississippi  River  between  the  Missouri 
and  Ohio  Rivers  are  now  under  construction  and  are  practically  com- 
l^leted.  They  were  designed  and  constructed  under  the  direction  of 
Major  Thomas  H.  Hand  bury.  They  will  be  ready  for  use  during  the 
next  low-Avater  season.  It  is  exjiected  that  a  navigable  channel  6  ft. 
deep  can  be  maintained  with  these  dredges,  aided  by  the  temporary 
jetties  and  the  jet  dredge. 

The  hulls  of  these  dredges  are  of  steel,  160  ft.  long  and  40  ft.  wide. 
Avith  6J  ft.  dej)th  of  hold.  Their  working  draft  will  be  about  So  ft. 
The  framing  of  the  hulls  consists  of  12-in.  channels  weighing  25  lbs. 
per  foot  for  floor  beams;  side  frames  3  x4-in.  angles,  11  lbs.  per  foot, 
riveted  to  web  of  floor  beams.  The  above  frames  are  spaced  12  ins. 
in  the  engine  and  boiler  pit,  and  30  ins.  through  the  remainder  of 
the  hull.  There  are  10  keelsons,  running  the  entire  length  of  the 
boat,  made  of  15-in.  steel  I-beams.  The  outboard  beams  weigh 
55  lbs.  per  foot  and  the  intermediates  45  lbs.  per  foot.  Each  keelson 
is  riveted  to  each  floor  beam.  The  center  strake  of  the  bottom  plating 
is  I  in.  thick,  the  other  strakes  being  -f^  in.  thick.  The  deck  plating 
is  \  in.  thick.  The  upper  strake  of  the  side  plating  is  f  in.  thick,  and 
the  other  side  plates  are  i%  in.  thick.  The  hull  is  divided  into  11 
water-tight  compartments. 

Each  dredge  is  provided  with  two  centrifugal  pumps  with  a  single 
suction  in  the  axis  of  the  pump  discharging  from  the  lower  side  of  the 
casing.     The  suction  is  20  ins.  in  diameter  and  the  discharge  at  the 
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pump  is  the  same  diameter,  but  is  expanded  to  24  ins.  at  the  discharge 
jjipe.  The  casing  of  the  pumji  is  48  ins.  in  diameter  and  28  ins.  across 
the  inside.  It  is  jsrovided  with  liners  which  can  be  renewed  when 
worn.  The  pump  runner  is  48  ins.  in  diameter  and  is  provided  with 
three  reversed-curve  arms.  The  ends  of  these  arms  are  fitted  with 
■detachable  extension  plates  made  of  mild  steel.  An  adjustable  thrust 
bearing  is  provided.  A  water-jet  is  connected  with  the  main  bearing 
to  keep  out  the  sand  and  grit  when  the  pump  is  running. 

Each  pumj)  is  operated  by  a  direct-connected,  horizontal,  com- 
jjound,  non-condensing  engine.  These  engines  are  designed  to  run  200 
revolutions  per  minute  and  develop  300  H.-P.  at  a  boiler  pressure  of 
140  lbs.  This  speed  is  to  be  regarded  as  the  average  work  of  the 
engine,  and  is  expected  to  maintain  through  the  siiction  and  discharge 
l>ipes  the  velocity  necessary  to  carry  at  least  20%  of  sand  and  80/^  of 
Avater  under  a  maximum  head  of  30  ft. 

A  jet  pump  is  provided  with  each  main  pump  which  serves  to  loosen 
aip  the  material  at  the  end  of  the  suction  and  thus  facilitate  its  passage 
into  the  suction  pipe.  The  jet  pump  has  two  high-pressiire  cylinders 
8  ins.  in  diameter,  two  low-pressure  cylinders  12  ins.  in  diameter,  and 
two  water  plungers  12  ins.  in  diameter;  all  having  10-in.  stroke.  The 
capacity  of  the  pump  is  1  200  galls,  j^er  minute  against  a  water  press- 
ure of  65  lbs.  when  running  compound  under  a  steam  pressure  of  150 
lbs.  These  pumps  discharge  through  8-in.  pipes  terminating  in  three 
bronze  nozzles  Ij  ins.  in  diameter,  theii-  extremities  radiating  to  a  dis- 
tance of  about  30  ins.  apart  and  jiist  beneath  the  suction  of  the  main 
pump. 

Steam  is  supplied  by  six  boilers  of  the  Mississippi  River  steamboat 
type.  These  boilers  are  48  ins.  in  diameter  and  28  ft.  long,  and  each 
shell  contains  five  11-in.  flues.  They  are  made  of  marine  steel  of  60  000 
lbs.  tensile  strength,  and  in  all  respects  conform  to  the  rules  of  the 
Board  of  Supervising  Inspectors.  They  are  designed  for  a  working 
jiressure  of  140  lbs.  jyev  square  inch.  The  boilers  are  arranged  in  two 
batteries,  with  three  boilers  in  each,  which  are  connected  by  one  30-in. 
«team  drum  and  two  15-in.  mud  drums.  The  steam  connections  are 
so  arranged  that  one  or  both  batteries  can  be  used  at  will.  There  are 
two  smokestacks  42  ins.  in  diameter  and  70  ft.  high.  The  boilers  are 
supplied  by  two  feed  pumps  with  outside-jjacked  plungers  4?,  ins.  in 
diameter  and  10-in.  stroke. 
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The  boilers  and  machinery  rest  on  I-beam  keelsons,  the  hull  being 
left  open  for  the  sijace  occupied  by  these  parts.  The  remainder  of 
the  hiill  is  decked  over  with  steel  plates.  A  vertical  anchor  spud  is 
placed  near  the  bow  of  the  hull. 

The  main  suction  pipes  are  sus^jended  from  a  derrick  frame  and  are 
raised  or  lowered  as  required  by  winches,  so  that  each  suction  can  be 
operated  independently.  The  suction  head  opening,  or  end  of  the 
suction  pipe,  is  20  ins.  high  by  120  ins.  long.  The  inner  end  of  the 
suction  works  on  a  hinge  and  slip  joint. 

There  is  one  24-in.  tank-steel  discharge  pipe  for  each  pump.  Each 
of  these  j^ipes  is  attached  to  the  fixed  sections  in  the  hull  by  a  horizontal 
swivel  joint  which  admits  of  swinging  the  pipe  out  sidewise.  The  pipes 
are  in  lengths  of  24  ft. ,  and  each  length  is  floated  on  a  steel  pontoon  with 
pointed  ends,  the  pipe  being  attached  to  the  float  at  the  middle  joint 
in  such  a  way  that  the  pontoons  lie  parallel  with  the  current  when  the 
pipes  are  deflected  to  one  side.  Each  discharge  pipe  is  500  ft.  long, 
the  several  joints  being  connected  together  with  rubber  gaskets.  The 
first  joint  is  connected  to  the  fixed  joint  at  the  stern  of  the  dredge  by  a 
heavy  rubber  coupling  3  ft.  8  ins.  long. 

In  operating  the  dredge,  two  iron  jjiles  are  set  on  line  with  the  cut, 
and  the  dredge  is  attached  to  them  by  two  f-in.  wire  cables  1  200  ft. 
long.  The  dredge  end  of  each  of  these  cables  is  attached  to  a  winch 
having  a  42-in.  drum.  These  winches  have  double  engines  and  are 
geared  so  as  to  give  speeds  from  \  in.  to  7  ins.  per  second.  The  dredge 
is  piilled  ahead  as  rapidly  as  the  dredged  material  can  be  taken  through 
the  pijDCs,  which,  of  course,  varies  with  the  depth  of  material  handled. 

The  electric  light  plant  consists  of  one  4  000  candle-power  search 
light,  two  2  000-candle-power  arc  lights,  and  seventy-five  16-candle- 
power  incandescent  lights.  The  dynamo  is  a  110-volt  machine  of  the 
Western  Electric  pattern,  operated  by  a  horizontal,  single  expansion 
7  X  10-in.  engine. 

A  cabin  i^rovides  am^jle  quarters  for  officers  and  crew,  and  a  ma- 
chine shop  gives  facilities  for  repairs. 

Dredge  Kam. 

In  the  fall  of  1893  the  dredge  Ram  was  completed  by  the  Bucyrus 
Steam  Shovel  and  Dredge  Company,  for  use  in  keeping  open  the  chan- 
nel from  the  Mississippi  River  into  the  Red  and  Atchafalaya  Rivers. 
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It  was  built  under  the  direction  of  Captain  John  Millis,  Corps  of  Engi- 
neers, U.  S.  A.  This  dredge  cost  $69  500.  The  capacity  is  about  300 
cu.  yds.  of  mud  per  hour,  delivered  through  300  ft.  of  pipe.  It  is 
provided  with  propelling  machinery  such  as  commonly  used  on  stern- 
wheel  steamboats.  The  hull  is  95  ft.  long,  27  ft.  beam  and  7h  ft.  deep. 
It  is  built  of  long-leaf  yellow  pine.  It  has  two  longitudinal  and  two 
transverse  bulkheads,  dividing  the  hull  into  nine  water-tight  compart- 
ments. The  dredging  pump  is  an  Edwards  centrifiigal,  with  15-in. 
suction  and  discharge.  The  intake  is  from  the  starboard  side  and 
the  discharge  from  the  bottom  of  the  casing.  The  pump  is  run 
through  a  belt  connection  by  a  horizontal,  compound-condensing 
engine.  The  cylinders  are  14J  and  26  ins.  in  diameter,  Avith  a  stroke 
of  20  ins. 

This  dredge  can  work  in  any  depth  up  to  30  ft.  It  is  so  arranged 
that  material  can  be  discharged  on  either  side  at  will.  A  vertical 
anchor  spud  is  provided  in  the  stern  of  the  boat,  on  which  it  swings 
by  means  of  kedge  anchors  laid  out  from  either  side  of  the  bow  and 
maneuvered  by  winding  drums.  In  this  way  a  wide  cut  can  be  made 
by  swinging  the  cutters  from  side  to  side. 

The  cutter  and  suction  is  supported  by  an  /^-frame,  the  inner  legs 
of  which  are  pivoted  to  the  sides  of  the  bow.  The  frame  is  raised  or 
lowered  with  wire  rope  tackle  attached  at  the  uj^per  end  to  suitable 
shears  and  operated  by  winding  drums.  The  cutter  is  a  conical  steel 
casting  with  eight  steel  blades  forming  a  cutter  24  ins.  in  diameter  at 
the  end  and  54  ins.  in  diameter  at  the  base.  This  cutter  is  at  the 
outer  extremity  of  a  5-in.  steel  shaft,  which  is  revolved  by  gear  wheels 
at  the  bow  of  the  boat,  and  operated  by  a  sprocket  wheel  and  chain. 
The  suction  proper  starts  at  the  base  of  the  cutter. 

The  propelling  engines  have  15-in.  cylinders  and  a  52-in.  stroke. 
There  is  a  combined,  duplex  air  and  feed  pump  and  condenser,  with  Ti- 
in.  steam  cylinder,  7-in.  air  cylinder  and  10-in.  stroke.  Fire  and  bilge 
jjumps  are  also  provided. 

The  cutter  shaft  and  winding  drums  are  operated  by  a  pair  of 
auxiliary  engines,  the  cylinders  of  which  are  9  ins.  in  diameter  and  12- 
in.  stroke.      The  drums  are  worked  by  separate  clutches. 

Steam  is  supplied  by  two  main  boilers  16  ft.  long  and  60  ins.  in 
diameter.  Each  shell  has  74  3-in.  tubes  and  a  corrugated  furnace 
flue  40  ins.  in  diameter  and  72  ins.  long. 
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The  boat  is  lighted  throughout  by  electricity.  There  is  a  double- 
deck  cabin  which  larovides  ample  accommodations  for  the  crew  and 
jsrotects  -the  machinery. 

This  boat  has  been  quite  successful  from  the  start.  During  the 
low-water  season  of  1894  she  dredged  265  000  cu.  yds.  of  material  at 
a  cost  of  a  trifle  over  4^  cents  per  yard.  The  material  was  largely 
mud  and  clay.  The  material  is  generally  delivered  through  about  50 
ft.  of  pipe  suspended  from  a  derrick  and  attached  to  the  boat,  as 
shown  in  Plate  XXXIII,  from  which  a  good  general  idea  of  this  boat 
can  be  obtained. 

It  has  also  been  used  Avith  considerable  success  in  building  levees. 
It  is  estimated  that  under  favorable  conditions  a  levee  10  ft.  high  can 
be  bi;ilt  at  a  cost  of  about  6  cents  per  cubic  yard. 

Menge  Dredges. 

In  1888  two  dredges  of  the  elevator  type  were  procured,  one  for 
use  in  Vicksburg  harbor  and  one  for  the  mouth  of  the  Red  River. 
These  were  called  the  Menge  and  the  Pah-  TJte. 

In  actual  work  the  Menge  has  dredged  4  000  cu.  yds.  in  10  working 
hours.  This  dredge  cost  about  .f  18  000.  The  Pah-  Ute  has  about  half 
the  above  capacity  and  cost  $10  000.  These  dredges,  as  generally 
equipped,  deliver  the  dredged  material  into  dump  scows  which  are 
towed  to  the  desired  point  and  dumped.  In  some  favorable  situations 
the  material  is  delivered  through  sluice  boxes  supported  on  barges. 
These  dredges,  if  properly  constructed,  are  very  successful  when 
operated  in  soft  material. 

At  the  mouth  of  the  Red  River  the  efficiency  of  propeller  wheels 
and  stern- wheel  boats  has  been  thoroughly  tried  in  removing  the 
sediment  and  keeping  the  channel  open.  Under  favorable  conditions 
some  good  results  have  been  obtained  in  this  way ;  but  on  the  whole, 
it  is  generally  conceded  to  be  a  very  poor  makeshift. 

Dredge  Bayley. 

The  dredge  G.  W.  R.  Bayley  was  built  by  Carroll  ct  Company^ 
of  Pittsburg,  for  use  in  South  Pass.  It  arrived  at  Port  Eads  in  the 
fall  of  1877.  This  boat  is  constructed  of  iron  throughout.  The  hull 
is  about  200  ft.  long  over  all,  32  ft.  wide,  and  10  ft.  depth  of  hold. 
With  fuel  on  board,  it  draws  about  5  ft.  of  water.    It  is  self-j^ropelling 
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by  means  of  side  wheels  25  ft.  in  diameter,  with  buckets  11  ft.  long. 
These  wheels  are  operated  by  two  engines  with  21-in.  cylinders  and 
7-ft.  stroke.  The  boat  is  provided  with  a  rudder  at  each  end  to  ob- 
viate the  necessity  of  turning  when  dumping  or  returning  to  the  cut. 

This  dredge  has  a  centrifugal  pump  of  the  Andrews  Cataract  pat- 
tern, with  a  runner  6  ft.  in  diameter  and  3  ft.  wide,  mounted  on  an  8- 
in.  steel  shaft.  It  is  operated  by  two  independent  condensing  engines, 
placed  forward  of  the  jDump,  having  24-in.  cylinders  and  20-in.  stroke. 
The  wrought-iron  suction  pipe  is  27  ins.  in  diameter.  This  suction 
operates  in  a  recess  4  ft.  wide,  and  25  ft.  in  length,  located  at  the 
stern  of  the  boat.  It  connects  with  the  pipe  in  the  boat,  just  above 
the  bottom  plating  and  near  the  pump,  by  means  of  a  joint  which  ad- 
mits of  a  deflection  of  30°  from  the  axis  in  any  direction.  The  lower 
end  of  the  suction  is  curved  and  flattened  out  to  a  width  of  4  ft.,  and 
is  armed  with  a  steel  scraper.  The  suction  is  supported  on  a  flat  plate 
resting  on  the  sand  to  prevent  the  scraper  from  cutting  too  deep.  This 
scraper  takes  in  a  slice  of  sand  about  8  ins.  deep  and  4  ft.  wide.  A 
stream  of  water  of  about  half  the  above  depth  and  the  same  width 
enters  the  suction  at  the  same  time. 

The  movable  part  of  the  suction,  when  in  operation  in  26  ft.  of 
water,  stands  at  an  angle  of  about  35  degrees.  When  not  in  use  it  is 
lifted  above  water,  under  the  extension  of  the  main  deck,  the  end  pro- 
jecting about  15  ft.  aft  of  the  stern  post.  The  discharge  pipe  is  30 
ins.  in  diameter  and  is  arranged  so  that  the  spoil  can  be  deposited 
in  the  spoil  bins  on  board,  or  delivered  on  either  side  of  the  boat 
through  pipes  swung  from  derricks.  There  are  four  boilers,  42  ins.  in 
diameter  and  26  ft.  long,  with  four  flues  in  each. 

The  four  spoil  bins  stand  forward  of  the  engines.  They  are  60  ft. 
long,  19  ft.  wide  and  about  20  ft.  deep,  and  have  a  capacity  of  about 
512  cu.  yds.  of  dredged  material.  These  tanks  are  filled  in  about  7 
minutes,  when  the  suction  is  raised  and  the  boat  proceeds  to  the 
dumping  ground.  Two-thirds  of  the  available  time  is  occupied  in  un- 
loading. Overflow  gates  are  provided  so  as  to  allow  the  water  to 
escape  while  the  sand  settles  to  the  bottom,  thtxs  insuring  a  greater 
load  of  solid  matter.  In  a  working  day  of  13  hours  the  average 
amount  of  solid  matter  removed  is  1  309  cu.  yds.  The  tanks  are  divi- 
ded into  comjjartments,  each  of  which  terminates  in  a  hopper  having 
a  4-ft.  opening  through  the  bottom  of  the  hull.     These  openings  are 
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TABLE    No.    10. — Summary    of    Dredging    Operations,    Mississippi 

OF 


Place  and  date. 
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Cuts. 

Average  depth 
in  feet. 

s 

^ 

10 
3 
9 
16 
11 
13 
10 
6 
4 
7 

60 

1 

O 

3 

o 

aJ 
a 

1 

1 
o 

3 

oo 

15.3 
15.6 
15.0 
30.5 
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9.4 
14.8 
10.8 
7.7 
10.7 
7.8 
9.3 
9.9 
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13.4 
13.5 
13.5 

18.7 
15.8 
13.5 
16.1 
10.9 
11.7 
11.6 

•6 

% 

s 

* 

1 

Island  No.  40  (211  L), 

August  31st  to  September  24th,  1896 

Island  No.  34  (179  R), 

September  25th  to  30th.  1896 

Beta. 

Beta. 

Beta. 

Beta. 

Beta. 

Beta. 

Beta. 

Alpha. 

Alpha. 

Alpha. 

5  945 
2  265 

5  660 
12  175 

6  435 
9  415 
8  980 

4  610 
6  370 

5  405 

121.0 
66.0 
63.7 

87.0 
78.2 
109.2 
175.0 
294.0 
306.7 
257.7 

49.1 
34  3 
89.0 
140.0 
82.3 
86.2 
51.3 
15.7 
20.8 
21.0 

4.2 
4  0 

Osceola  Bar  (164.5  R). 

September  30th  to  October  9th,  1896. . . . 
Hathavvays  Lower  Crossing  (102  L). 

October  9th  to  15th.  J896 

4.1 
3  8 

Cherokee  Crossing  (89  R),  second  time, 
October  15th  to  24th.  1896 

5  0 

Lower  Point  Pleasant,  Mo.  (79.5  Ri, 
October  25th  to  November  3d,  1896 

Cherokee  Crossing  (89  R),  third  time, 
November  4th  to  13th.  1896 

5.8 
5.4 

Cherokee  Crossing  (89  R).  first  time, 
September  5th  to  28th.  1896 

Upper  Point  Pleasant,  Mo.  (79  R), 
September  29th  to  October  23d,  1896. . . . 

Compromise  Bar  (77  L). 
October  24th  to  November  15th.  1896. . . . 

3.0 
2.4 
1.7 

closed  by  valves  operated  by  hydraulic  jacks  with  a  capacity  of  about 
12^  tons.  The  sand  is  washed  out  of  the  tanks  by  means  of  two  jets 
in  each  hopper. 

The  capacity  of  the  dredge  when  delivering  the  material  as  de- 
scribed is  about  350  cu.  yds.  per  hour.  If  the  material  is  simply  deliv- 
ered overboard,  the  capacity  is  about  1  000  cu.  yds.  per  hour.  When 
dredging,  the  boat  moves  down  stream,  with  the  suction  lowered,  at 
the  rate  of  about  2i  miles  per  hour. 

This  dredge  cost  about  .^150  000.  It  was  designed  by  Jas.  B.  Eads, 
M.  Am.  Soc.  C.  E.,  for  the  special  purjaose  of  working  in  deep  rough 
Avater  with  strong  currents.  *  This  boat  is  now  over  twenty  years  old, 
but  is  still  serviceable. 

The  foregoing  descriptions  cover  a  fleet  of  eight  hydraulic  dredges 
of  large  capacity  and  five  other  dredges,  all  of  which  are  now  available 


*  See  "  The  Mississippi  Jetties,"  by  E.  L.  Corthell,  M.  Am.  Soc.  C.  E. 
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RiVEK  Between  Cairo  and  Memphis.     Dueing    Low-Watek  Season 
1896. 
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1.0 

39.0 
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19.0 

375.5 

$6  122.51* 

15.2 

21.6 
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16 
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16.5 

66.0 

5.0 

14.5 

6.5 

25.5 

134.0 

1  793.42 

15.2 

20.8 

135 

15 

167 

11.0 

63.7 

7.7 

6.5 

20.5 

97.5 

10.0 

217.0 

2  379.05 

15.0 

23.4 

134 

16 

160 

28.0 

87.0 

5.5 

28.0 

143.5 

1671.59 

14.5 

24.5 

135 

16 

163 

9.5 

78.2 

9.7 

18.0 

24.0 

139.5 

1742.58 

15.2 

25.6 

136 

16 
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13.0 

109.2 

62.7 

7.0 

24.0 

24.0 

240.0 

2  315.51 

13.6 

25.9 
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14 
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14.0 
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24.0 

24.0 

3.0 

240.0 

3  008.93 

5.2 

16.8 

124 

li 

138 

32.0 

294.0 

11.0 

143.0 

24.0 

8.0 

64.0 

576.0 

3  309.51t 

fi  3 

19.5 
20.4 

118 
120 

s 

141 
139 

14.2 
13.5 

306.7 
257.7 

15.7 
8.25 

79.2 
93.0 

9.0 
10.5 

70.0 
59.5 

495.0 
480.0 

3  456.16t 

3  473.68t 

5.8 

37.5 

*  Capsizing  of  pipes  delayed  the  work  224}^  hours. 
+ 114^  hours.  } 

78     hours.  -Repairs  due  to  breaking  of  runner  of  main  pump. 

91     hours.  ) 

for  use  in  improving  the  low-water  navigation  of  tlie  Mississippi 
Hiver.  The  dredge  Alpha  has  been  operated  for  three  seasons,  the 
Beta  for  two  seasons,  and  the  Gamma  and  Delta  for  one  season.  They 
have  all  demonstrated  the  practicability  of  moving  economically  im- 
mense quantities  of  material  in  a  short  space  of  time.  They  have  also 
shown  that  good  navigable  channels  can  be  opened  through  the  reefs 
that  obstruct  navigation. 

As  far  as  the  machines  themselves  are  concerned,  they  seem  to 
meet  the  requirements  fully.  The  value  of  these  dredges  as  aids  to 
navigation  depends  far  more  on  the  proper  location  and  direction  of 
the  cuts  to  be  made  than  on  the  efficiency  of  the  machinery.  Exper- 
ience may  show  that  in  some  cases  the  dredges  can  be  made  more 
efficient   by   filling   side  chutes   and   thus   throwing  the   water  into 
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one  channel,  rather  than  attempting  to  enlarge  one  of  the  chan- 
nels by  dredging  out  the  material.  It  may  also  be  found  desirable 
in  some  cases  to  discharge  the  material  at  the  sides  of  the  proposed 
channel  rather  than  to  deliver  it  at  a  distance  through  long  discharge 
pipes. 

As  has  already  been  stated,  the  volume  of  material  rolled  along  the 
bottom  is  so  great  as  to  far  outweigh  the  greatest  possible  capacity  of 
any  dredge.  To  those  who  are  not  familiar  with  this  phenomenon  it 
Avill  seem  incredible  that  a  dredge  with  a  capacity  of  over  1  000  cu. ' 
yds.  per  hour  may  be  operated  for  days  and  leave  scarcely  a  trace  of 
the  cut.  Or,  on  the  other  hand,  if  the  cut  has  been  so  located  as  to 
meet  the  requirements  of  the  current,  a  channel  will  be  scoured  out 
and  an  amount  of  material  removed  which  would  probably  exceed 
the  capacity  of  the  dredge  many  times.  It  is  by  no  means  certain 
that  the  channel  will  always  follow  the  line  of  the  cuts.  It  some- 
times happens  that  after  some  days  of  diligent  dredging,  a  channel 
develops  without  assistance  on  a  line  quite  remote  from  the  dredged 
cuts. 

Whatever  is  done  during  one  low-water  season  is  generally  obliter- 
ated by  the  succeeding  high  water.  The  successful  location  of  a  cut 
during  one  low-water  season  does  not  necessarily  imply  that  a  similar 
location  during  the  following  season  will  give  like  results.  In  fact,  a 
new  problem  is  presented  by  each  bar  every  season. 

In  a  stream  of  this  character  it  is,  of  course,  extremely  difficult  to 
determine  in  a  particular  case  just  what  share  of  the  channel  should 
be  credited  to  the  dredging  and  what  proportion  to  natural  causes. 
Enough  bars  have  been  dredged,  however,  to  fully  demonstrate  that 
the  dredging  at  least  induces  the  scour  which  eventually  results  in  a 
wide  and  deep  channel. 

During  the  low-water  season  of  1896  there  were  eight  bars  between 
Cairo  and  Memphis  which  obstructed  navigation.  Channels  were  suc- 
cessfully opened  through  all  of  them  except  one,  which  was  aban- 
doned on  account  of  an  extraordinary  change  in  the  river  which  shifted 
the  channel  from  the  right  to  the  left  bank.  One  of  the  most  interest- 
ing of  these  bars  is  shown  in  Figs.  13,  14,  15  and  16.  Fig.  13  shows 
that  one  day  before  dredging  there  was  barely  a  7-ft.  channel  between 
the  upper  and  lower  pools.  The  broken  lines  enclose  the  area  where 
the  dredging  was  done.     The  controlling  depth  in  this  area  was  6  ft. 
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Fig.  14,  t  wo  days  after  dredging  was  completed,  shows  the  two  pools 
connected  by  a  good  9-ft.  channel  with  11  ft.  of  water  for  the  greater 
part  of  the  length.  Fig.  15  shows  the  conditions  seventeen  days  after 
dredging.  The  cut  has  deepened  and  an  11-ft.  channel  from  laool  to 
pool,  and  13  ft.  nearly  all  of  the  way  through,  is  found.  Fig.  16 
shows,  in  a  forcible  way,  the  magnitude  of  the  natural  movement  of 
sand  bars.  Thirty-three  days  after  dredging,  the  channel  was  found 
to  be  about  500  ft.  below  the  cut  opened  by  the  dredge.  The  site  of 
the  dredged  channel,  which  in  Fig.  15,  only  sixteen  days  earlier, 
showed  13  ft.  of  water,  now  has  barely  4  ft.  The  9-ft.  channel,  how- 
ever, still  remains,  although  it  has  drifted  down  stream.  This 
change  occurred  during  a  rapid  rise  at  the  end  of  the  low-water  season 
of  1896. 

A  svimmary  of  the  dredging  operations  during  the  season  of  1896 
is  given  in  Table  No.  10. 

The  following  table  shows  the  cost  of  operating  the  two  dredges 
during  the  low- water  season  of  1896: 

Labor $16  237.06 

Subsistence 3  386 .  67 

Fuel 8  051 .  73 

Oil 242.39 

Miscellaneous  engineers'  supplies 176.43 

Mates'  supplies 94 .  73 

Repairs 855 .  41 

Lighting  supplies 114 .  58 

Miscellaneous 113 .  94 

Total $29  272 .94 

This  only  covers  the  cost  of  operation  at  the  several  bars,  and  does 
not  include  the  cost  of  repairs  prior  to  the  beginning  of  work,  the 
expenses  incurred  while  waiting  developments  in  the  stage  of  river 
to  see  whether  further  work  was  necessary  or  not,  nor  the  cost  of 
moving  to  winter  quarters.  These  items  amount  to  $12  953. 23,  giv- 
ing a  total  for  the  season  of  $42  226.17. 

During  the  low-water  season  of  1897  four  dredges  were  at  work  on 
the  bars  below  Cairo.  The  cost  of  operating  them  is  given  in  the 
table  on  page  306. 
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MISSISSIPPI     RIVER 

VICINITY    OF    LAZELLES    LD'G.    MO. 

82.4  MILES  BELOW  CAIRO. 

1397. 

SCALE  OF  FEET 
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Fig.  17. 
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Cost  of  Opeeating  Dkedges  During  Low-Water  Season  of  1897. 

Labor $26  704.53 

Fuel 13  474.23 

Subsisteuce 7  586.99 

Lubricants 970 .  79 

Lighting  supplies 215 .  05 

Miscellaneous  supplies 1  527 .  79 

Office  supplies 145 .  10 

Hire  of  tow  boats  for  moving  jalant 10  115.50 

Preparation  and  moving  into  field 3  269 .  44 

Moving  to  winter  quarters  at  end  of  season  . .  4  637 .  03 

Cost  of  inspection  and  sui^ply  boat 10  554 .  75 

Cost  of  operating  two  survey  boats 8  674.10 

Total $87  875.30 

Fig.  17  shows  a  conspicuous  sand  bar  at  Lazelles,  some  82  miles 
below  Cairo.  When  the  survey  of  this  bar  was  made,  just  before 
dredging,  the  distance  from  the  9-ft.  depth  in  the  upper  pool  to  the 
same  depth  in  the  lower  j^ool  Avas  1  400  ft.  At  that  time  the  amount 
of  excavation  required  to  make  a  9-ft.  channel  250  ft.  wide  at  the 
datum  stage  was  61  000  cu.  yds.  The  dredge  Gamma  was  at  work  on  this 
bar  ten  days,  and  the  actual  dredging  time  was  one  hundred  and 
seventy-eight  hours.  Taking  the  capacity  of  the  dredge  as  800  cu.  yds. 
jjer  hour  gives  the  total  amount  dredged  as  142  400  cu.  yds.  Thirty- 
one  days  after  the  dredging  was  completed  there  was  a  10-ft.  channel 
clear  through  the  reef,  except  for  a  distance  of  about  225  ft.  where 
the  depth  was  only  8  ft.  (see  Fig.  18).  Seventy-six  days  after  the 
dredging  was  completed  the  channel  was  found  to  be  350  ft.  wide  at 
the  narrowest  point,  over  1  000  ft.  wide  for  more  than  nine-tenths  of 
the  length,  and  with  a  least  depth  of  9  ft.,  and  an  average  dejath  of 
11  ft.  (see  Fig.  19). 

At  Hathaways,  about  104  miles  below  Cairo,  the  surveys  showed 
a  very  ragged  7-ft.  channel  before  dredging.  One  and  a  half  days 
after  dredging,  a  narrow  9-ft.  channel  connected  the  ujDjier  and  lower 
pools,  and  a  clear  8-ft.  channel  350  ft.  wide  extended  across  the  bar. 
Thirty  days  later  the  channel  was  found  to  be  12  ft.  deep  and  800  ft. 
wide  with  the  exception  of  a  narroAv  shoal  at  the  lower  end. 
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MISSISSIPPI     RIVER 

VICINITY    OF    LAZELLES    LD'G.   MO. 

82>S  MILES  BELOW  CAIRO. 
OCT.  16,   1897. 

SCALE  OF  FEET 
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At  Beef  Island,  211  miles  below  Cairo,  the  channel  was  deepened 
2  ft.  in  one  hundred  and  six  hours  of  actual  dredging  by  the  dredge 
Delia,  in  spite  of  the  presence  of  many  sunken  logs  and  snags. 

At  President's  Island,  just  below  Memphis,  the  dredge  Delta  was 
employed  in  opening  a  channel  through  a  reef  which  was  causing 
much  trouble  to  navigation.  In  the  bed  of  the  river  in  this  locality 
there  is  a  considerable  quantity  of  conglomerate  rock  and  lignite  to 
be  found.  The  mechanical  agitators  of  the  Delia  were  therefore  put  to 
a  very  severe  test.  One  solid  piece  3^  x  A^  ft.  was  caught  in  the 
cutters  (see  Figs.  1  and  2,  Plate  XXIV).  It  had  to  be  broken  into 
small  pieces  to  dispose  of  it.  When  work  began  there  Avas  barely  a 
5-ft.  navigable  channel  across  this  bar.  After  fifteen  days'  work,  dur- 
ing which  period  much  time  was  lost  in  clearing  the  cutters  of  debris, 
leaving  only  eighty  hours'  actual  dredging  time,  a  9-ft.  channel  100 
ft.  wide  and  1  300  ft.  long  was  completed.  This  channel  remained 
intact  throughout  the  season,  although  a  wider  channel  broke  through 
the  bar  lower  down. 

During  the  low-water  season  of  1897  channels  were  dredged  through 
fifteen  bars  lying  between  Cairo  and  Graves  Bayou,  248  miles  below. 
A  view  of  a  dredge  at  work,  showing  the  pipe  line  and  the  discharge 
against  the  baffle  plate,  is  shown  in  Plate  XXXV. 

There  were  bars  that  obstructed  navigation  below  Graves  Bayou, 
as  far  down  as  Arkansas  City,  435  miles  below  Cairo,  and  one  bar 
even  below  Natchez,  710  miles  below  Cairo.  The  dredging  plant, 
hoAvever,  was  too  small  to  cover  more  than  the  250  miles  from  Cairo 
southward.  The  total  number  of  obstructing  bars  below  Cairo  during 
the  low- water  season  of  1897,  where  the  navigable  depth  was  less  than 
8  ft. ,  probably  did  not  exceed  twenty -five.  Estimating  each  of  these 
bars  at  2  000  ft.  in  length,  the  result  is  an  aggregate  of  about  9i  miles 
of  bad  navigation  in  a  total  length  of  1  060  miles  of  river  from  Cairo 
to  the  Gulf  of  Mexico,  or  less  than  1%  of  the  length. 

Estimating  the  average  depth  of  cut  required  as  4  ft.  and  the  width 
at  250  ft.,  gives  the  total  amount  of  material  to  move  as  1  852  000 
cu.  yds.  To  remove  this  amount  in  ten  days  would  require  eight 
dredges  running  the  full  time  without  interruption.  Table  No.  8 
shows  that  Only  about  half  of  the  time  is  utilized  in  actual  dredging. 

These  bars  do  not  all  develop  at  the  same  time,  and  they  do  not 
necessarily  develop   at  the   same  places    during   successive  seasons. 
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There  are,  however,  certain  general  localities  that  have  long  been 
recognized  by  steaniboatmen  as  liable  to  develop  bad  navigation  dur- 
ing any  low-water  season.  Now  and  then,  even  these  places  pass 
through  a  season  without  developing  any  serious  obstriactions,  and  at 
such  times  dredging  below  Cairo  will  be  unnecessary.  Seasons  hav- 
ing good  navigation  throughout  are,  however,  not  frequent. 

Dredging  operations  will,  in  the  main,  be  confined  to  the  same 
general  localities  from  year  to  year,  although  wrecks,  snags  and  bank 
erosions  may  occasionally  develop  new  bars  that  will  require  dredging. 

The  season  of  1895  was  one  of  extraordinarily  low  water.  At  one 
time  during  that  season  there  were  thirty-seven  crossings  between  St. 
Louis  and  Cairo,  where  the  water  was  6  ft.  or  less  in  dej^th.  During 
ordinary  seasons  about  as  much  dredging  would  be  required  between 
St.  Louis  and  Cairo  to  secure  a  9-ft.  channel  250  ft.  wide  as  is  re- 
quired below  Cairo  for  a  similar  channel.  The  supply  of  water  above 
Cairo  at  extreme  low  stages  is  too  limited  to  readily  admit  of  9-ft. 
channel  depths.  The  requirements  of  river  traffic  on  this  reach  would 
be  satisfied  fairly  well  by  7  or  8  ft. ,  and  it  is  doubtful  whether  these 
depths  can  be  materially  exceeded  by  means  of  dredges  or  other  tem- 
porary devices  at  an  expense  justified  by  the  vahae  of  the  results 
obtained. 

It  is  evident  from  the  foregoing  that  the  problem  of  keeping 
navigation  open  in  the  Mississippi  Eiver  during  the  low-water  season 
is  very  far  from  being  a  simple  one.  The  magnitude  of  the  plant 
described  is  sufficient  evidence  that  strenuous  efforts  are  being  made 
to  "improve  and  give  safety  and  ease  to  the  navigation"  of  the 
river,  and  the  experience  gained  thus  far  justifies  the  belief  that  these 
efforts  will  be  successftil. 

The  writer  is  indebted  to  General  John  M.  Wilson,  M.  Am.  Soc. 
C.  E.,  Chief  of  Engineers,  U.  S.  A.;  to  the  Mississippi  River  Commis- 
sion, to  Major  Thos.  H.  Handbury,  Captain  H.  E.  Waterman  and  other 
officers  of  the  Engineer  Coi'ps,  for  free  access  to  records  and  drawings. 
He  is  also  indebted  to  his  associates,  engaged  in  the  improvement  of 
the  river,  for  valuable  assistance  in  the  preparation  of  drawings  and 
tabulated  data. 
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DISCUSSION. 


B.  L.  Ckosbv,  M.  Am.  Soc.  C.  E. — The  speaker  has  had  a  great  deal  Mr.  Crosby. 
of  serious  trouble  with  deposits  caused  by  anchoring  barges  in  the 
current,  and  although  his  experience  has  been  on  the  Missouri  rather 
more  than  on  the  Mississipj)i,  yet  the  lower  Missouri  may  be  consid- 
ered as  virtually  the  same  river. 

The  author  states  that  it  is  a  well-known  fact  that  a  barge  anchored 
in  shallow  water  will  very  soon  cause  the  sediment  to  deposit,  but 
does  not  say  that  it  will  be  formed  under  the  barge — it  is  always  formed 
immediately  down  stream  from  it.  In  the  speaker's  opinion,  that 
would  be  the  result  with  any  deflector — that  the  point  of  trouble  would 
be  simply  transferred  to  a  looint  a  little  fiirther  down  stream. 

When  a  long  barge  is  anchored  in  shallow  water,  the  material 
scoured  out  at  the  bow  is  sometimes  deposited  at  its  stern,  so  that  the 
barge  is  aground  at  the  stern  and  in  deep  water  at  the  bow. 

Edward  Flad,  M.Am.  Soc.  C.  E. — The  speaker  agrees  entirely  with  Mr.  Fiad. 
the  conclusion  reached  by  Major  Harrod,  that  the  water-jet  agitator  is 
a  more  efficient  and  a  better  machine  than  the  mechanical  agitator,  for 
the  conditions  under  which  the  dredges  Epsilon  and  Zetn  are  ordinarily 
required  to  operate.  Referring  to  the  tests  of  these  dredges,  the  author 
states  that  it  Avas  demonstrated  therein  that  the  capacity  of  the  pump 
with  the  mechanical  agitator  was  not  much  over  half  the  capacity  of 
the  pump  with  the  jet  agitator.  The  speaker  disputes  that  statement. 
He  was  jjresent  during  all  the  tests  of  these  two  dredges,  and  acted  as 
engineer  for  the  contractor  during  the  period  of  the  detail  designing 
and  testing  of  both  di-edges.  At  first  sight,  judging  from  the  report  of 
the  tests,  the  author's  conclusions  might  seem  warranted,  but,  taking 
into  consideration  the  conditions  under  which  these  tests  were  made, 
his  conclusions  are  entirely  wrong.  The  two  dredges  were  turned  over 
to  the  Government  at  the  same  time  to  be  tested,  and  the  Epsilon, vfhich. 
was  provided  with  the  water-jet  agitator,  was  tested  first;  the  result 
being  757  cu.  yds.  of  sand  per  hour.  The  contract  requirement  was 
1  000  cu.  yds.  of  sand  per  hour,  and  the  contractor  was  much  disap- 
pointed at  the  result  of  the  first  test,  because  he  had  anticipated  that 
the  dredge  would  pumj:)  2  000  or  3  000,  or,  perhaps,  4  000  cu.  yds.  per 
hour.  A  second  test  was  made  and  showed  714  cu.  yds.  of  sand  per 
hour,  which  was  likewise  unsatisfactory. 

The  tests  were  made  by  attaching  to  the  end  of  the  dredge  a  barge, 
into  which  the  material  was  pumjied ;  then  the  water  was  withdrawn 
and  the  sand  was  measured.  It  was  observed  that  the  sand  which  was 
being  i^umped  was  very  fine  and  contained  a  large  number  of  mud 
lumjis.  It  was  therefore  concluded  that  this  was  the  cause  of  the 
reduced  capacity,  and,  as  the  contract  jirovided  that  the  test  should 
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Mr.  Flad.  be  made  iTuder  average  conditions  and  with  average  river  sand,  it  was 
very  properly  decided  that  the  dredge  should  be  moved  to  some  other 
location.  Another  part  of  the  district,  near  New  Madrid,  was  chosen, 
where  a  very  good  average  river  sand  was  obtained. 

All  these  tests  were  made  under  conditions  which  were  calculated 
to  develop  the  highest  capacity  of  the  dredges.  Everything  was  run 
at  the  highest  speed.  The  dredges  were  pulled  ahead  on  wire  cables 
with  as  great  a  speed  as  possible. 

The  first  test  in  the  new  location  showed  1  712  cu.  yds.  per  hour, 
and  the  next  2  800  cu.  yds. ;  the  next  8  100  cu.  yds.  Five  tests  in  all 
were  made  on  this  good  material.  In  determining  the  average  capacity 
of  this  dredge  the  first  two  tests  were,  of  course,  properly  omitted, 
because  the  material  was  not  what  the  contract  called  for.  The  average 
of  the  last  five  tests  was  2  500  cu.  yds.  per  hour,  which  was  very  satis- 
factory. 

After  these  tests  on  the  Ejjsilon  were  finished,  those  on  the  Zeia 
were  commenced.  During  this  time  the  water  had  been  rising,  and  it 
was  necessary  to  move  the  Zeta  into  what  is  called  a  high-water  sand 
bar,  which  is  largely  filled  with  drift,  logs  and  lignite,  and  is  a  very 
hard  material  for  any  dredge  to  handle— and  especially  severe  for  a 
dredge  provided  with  a  mechanical  agitator.  However,  as  the  con- 
tractor was  anxious  to  complete  his  test  and  get  his  money,  he  agreed 
as  to  the  location — the  only  one  available  at  that  time.  The  first  test 
showed  1  878  cu.  yds.  per  hour,  which  was  thought  to  be  a  fairly  good 
showing,  the  contract  requirement  being  1  000  cu.  yds.  The  next  test 
showed  only  1  300  cu.  yds.  It  was  soon  found  that  the  dredge  was 
working  in  a  bed  of  brush  and  logs,  and  there  was  a  great  deal  of  diffi- 
culty in  going  ahead.  Forcing  the  dredge  to  any  excessive  or  even  rea- 
sonable speed,  resulted  in  breaking  the  shearing  pin  of  the  agitator. 
However,  these  tests  were  siifticiently  satisfactory  to  the  contractor, 
because  they  were  in  excess  of  his  contract  requirements,  and  he 
raised  no  serious  objection  to  them.  The  average  result  of  the  five 
tests  was  1  361  cu.  yds.  per  hour. 

In  order  to  enable  one  to  compare  the  relative  value  of  the  two  ma- 
chines the  tests  should  have  been  made  under  the  same  or  similar  con- 
ditions. Now,  as  the  tests  of  the  Epsilon,  with  the  water-jet,  were 
made  under  very  favorable  conditions  for  a  high-capacity  test,  and 
those  of  the  ZeUi  were  made  under  perhaps  the  most  unfavorable  con- 
ditions, it  was  entirely  improper  to  compare  the  relative  capacity  on 
those  tests.  The  speaker  believes  that  the  author  does  not  realize 
the  conditions  under  which  the  tests  were  made,  because  he  was  not 
there  at  the  time. 

He  further  states,  in  reference  to  the  mechanical  agitator,  "It  will 
therefore  be  taken  out,  and  jets  will  be  put  in. "  He  is  mistaken  in  that 
statement.     The  government  ofiicer  in  immediate  charge  decided  that 
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Le  would  like  to  remove  the  mechanical  agitator,  aucl  his  views  were  Mr.  Flad. 
presented  to  the  local  members  of  the  Commission  at  St.  Louis.  They 
considered  the  question,  and  came  to  the  conclusion  that,  in  place  of 
removing  the  mechanical  agitator,  they  would  install,  in  addition 
thereto,  the  water-jet  agitator,  which  was  the  plan  originally  contem- 
jDlated  in  the  construction  of  the  dredges.  In  fact,  the  mechanical 
agitator  was  so  designed  that  the  water-jet  agitator  could  be  used  in 
conjunction  with  it  or  as  a  substitute  for  it,  and  at  the  time  the  dredges 
were  being  constructed  it  was  urged  upon  the  Commission  that  they 
install  the  jet  agitator  in  addition  to  the  mechanical  agitator. 
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CORRESPONDENCE. 


Mr.  Harrod.  B.  M.  Hakkod,  Past-President,  Am.  Soc.  C.  E. — This  iDapei-  is  of 
inucli  interest  as  a  full  and  accurate  description  of  a  new  and  im- 
portant development  of  engineering  work. 

The  method  of  dredging  now  in  use  on  the  alluvial  parts  of  the 
Mississippi  River  has  arisen  from  the  inadequacy,  when  aj^plied  there, 
of  methods  which  have  been  more  or  less  successful  on  streams  of 
different  character  and  of  smaller  dimensions. 

The  great  specific  gravity  of  the  material  of  the  bars,  which  is 
mostly  a  clean  silica  sand,  and  the  distance  it  would  have  to  travel  in 
suspension  before  reaching  a  jjool  in  which  it  could  settle  down  harm- 
lessly, make  any  method  which  proposes  merely  stirring  up  the  sand, 
and  trusting  to  the  current  to  remove  it,  quite  ineffective. 

The  successful  results  which  have  been  obtained  with  spurs  and 
dikes  in  improving  the  navigation  of  smaller  streams  are  both 
doubtful  and  costly  on  a  river  with  the  characteristics  and  dimensions 
of  the  Mississippi.  The  bars  naturally  form  in  the  wider  reaches,  at 
the  node,  or  reversion  point,  between  two  bends.  The  banks  at  such 
places  are  frequently  a  mile  or  more  apart,  and  the  bar,  with  a  5-ft. 
crest,  has  a  width,  between  the  contours,  of  satisfactory  depth  for 
navigation  (8  to  10ft.),  which  must  be  connected  through  the  inter- 
vening shoaler  water  of  a  third  or  half  a  mile. 

While  the  bars  reappear  annually  in  about  the  same  neighborhoods, 
the  changes  of  location  are  sufficient  to  render  resurveys  necessaiy 
each  year  at  the  approach  of  low  water;  and  since  the  bars  and  the 
natural  channels  through  them — generally  the  latter — may  shift  up  or 
down  during  the  season,  these  surveys  must  be  continued  until  the 
autumnal  rise  brings  relief. 

The  same  bars,  or  groups  of  bars,  do  not,  from  year  to  year,  present 
the  same  relative  degree  of  obstruction  to  navigation.  A  bar  which 
in  one  year  limits  the  navigable  dejjth  of  the  river  to  5  ft. ,  may,  in 
the  next,  have  8  or  10  ft.  over  it,  and  the  trouble  be  transferred  to  a 
neighboring  locality  which,  in  the  previous  year,  presented  few  or  no 
obstructions. 

The  drop  during  the  falling  stages  is  apt  to  be  rapid,  and  in  a 
week's  time  the  entire  barge  and  through  commerce  of  the  river  may 
be  arrested.  The  improvement  of  the  bars  should,  therefore,  begin 
within  the  least  possible  time  after  the  river  has  reached  a  stage  that 
will  allow  the  making  of  surveys  necessary  for  the  location  of  the 
work,  and  the  work  should  be  of  a  character  that  will  admit  of  very 
rapid  application,  extension  and  results. 

If  it  is  attempted  to  meet  these  difficult  conditions  with  spurs  or 
dike  work,  it  is  quite  evident  that  prejjaration  must  be  made,  at  each 
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bar,  for  building  several  dikes,  each  of  which  may  require  to  be  of  Mr.  Hanod. 
great  length;  that  similar  j)reparations  must  be  made  at  many  bars; 
that  the  character  of  these  works  must  be  temporary  or  portable;  and 
that  such  preparations  involve  the  providing  of  an  immense  plant  of 
tow-boats,  barges  and  pile-drivers,  and  a  very  lai'ge  force,  in  order  to 
supply  material  and  erect  extensive  structures,  at  many  places,  and 
within  a  very  short  time.  All  this  is  absolutely  necessary  for  a  satis- 
factory low-water  improvement  of  the  Mississippi  by  spur  or  dike 
work;  and  even  then,  from  the  shifting  character  of  the  bed  and  banks 
of  the  Great  River,  it  does  not  promise  to  be  more  permanent  than 
dredging. 

On  the  other  haad,  it  is  quite  practicable,  and  the  writer  believes 
it  will  be  found  less  expensive  and  more  reliable,  to  have  a  fleet  of  such 
a  number  of  dredges  that  one  could  be  in  waiting,  during  the  falling- 
stages  of  the  riv^er,  at  each  bar  where  there  might  be  reason  to  appre- 
hend trouble,  ready  to  go  to  work,  if  necessary,  whenever  a  depth  of 
not  more  than  12  ft.  or  15  ft.  was  found. 

During  the  progress  of  this  work  several  interesting  problems 
have  arisen.  One  concerns  the  relative  efficiency  of  the  cutter  and  jet, 
for  disintegrating  and  delivering  the  material  to  the  suctions.  Of 
course,  in  any  tenacious  material,  such  as  clay,  the  cutter  is  indis- 
pensable; but  it  is  clearly  established  that  in  the  loose  sand  which 
almost  exclusively  forms  the  bars  of  the  Mississippi,  the  jet  is  equally 
efifective,  delivering  as  large  a  percentage  of  solid  material  to  the 
pump,  while  it  costs  less,  weighs  less,  and  requires  less  jaower  to 
operate.  It  is  also  less  liable  to  accident  than  the  cutter  ;  for  when 
other  material  than  sand  is  found  it  is  either  an  embedded  drift  log,  a 
boulder  of  concrete  gravel,  or  some  other  solid  object,  which  no  ma- 
chinery can  deal  with.  From  around  and  under  these  the  jet  removes 
the  sand,  allowing  them  to  drop  below  the  bottom  of  the  cut. 

An  additional  dredge  is  now  under  construction  which  will  be  pro- 
vided with  the  means  of  self  i^rojialsion,  by  which  addition  it  is  hojied 
to  largely  dispense  with  the  services  of  a  tender  in  moving  the  dredge 
from  bar  to  bar.  Although  the  arrangements  for  moving  the  dredge 
while  at  work  on  a  bar  are  already  very  efficient,  it  is  ho^^ed  that  this 
operation  may  also  be  facilitated. 

Experiments  are  soon  to  be  made  with  a  side  delivery  pipe,  from 
100  to  200  ft.  long,  instead  of  from  the  stern  through  1  000  ft.  of  float- 
ing pipe  which  is  generally  necessary  to  reach  the  lower  pool.  The 
cut  made  through  the  bar  is  not  usually  in  the  exact  thread  of  the  cur- 
rent, and  there  is,  therefore,  generally  an  up-stream  and  down-stream 
side  to  the  artificial  channel.  It  appears  that  if  the  excavated  material 
could  be  delivered  on  the  down -stream  side,  it  would  either  be  taken 
away  from  the  cut  by  the  curi-ent,  or,  if  it  remained  where  deposited, 
would  act  as  a  training  dike,  and  sei've  to  increase  the  natural  scour 
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Mr.  Harrod.  in  the  channel.     The  saving  would  be  in  the  increased  outi^nt,  with 
the  less  friction  in  the  shorter  pipe. 

In  ordinary  cases  the  immediate  result  of  opening  a  channel 
through  a  bar,  either  by  dikes  or  dredges,  has  been  to  draw  down  the 
tipper  pool,  and  increase  the  obstruction  of  the  bar  above;  but  owing 
to  the  dimensions  of  the  Mississippi,  the  great  low- water  discharge, 
the  slight  fall,  the  distance  between  bars,  the  capacity  of  the  interven- 
ing pools,  and  the  small  relative  increase  of  channel  section  required 
for  imi^rovement,  there  seems  to  be  no  reason  for  anticipating  such 
results.  If  realized,  there  is  no  reason  why  they  should  be  more 
intense  with  dredge  than  with  dike  work. 

It  is  true  of  this  work,  as  it  is  of  all  engineering  work,  that  the 
degree  of  success  is  quite  dependent  upon  the  judgment  with  which 
the  artificial  channels  are  located.  It  is  certain  that  the  highest  de- 
gree of  skill,  knowledge  and  judgment  is  required  in  the  engineer  to 
whom  this  part  of  the  work  is  entrusted.  To  what  he  has  acquired 
in  the  schools  must  be  added  a  close  knowledge  of  the  physics  of  the 
Mississijjpi  River,  which  can  only  be  acquired  by  experience,  and  also 
the  trained  eye  and  judgment  of  the  jjilot.  He  must  detect  any  nat- 
ural ijreference  of  route  across  the  bar  Avhich  the  river  may  have;  he 
must  know  how  this  can  be  developed,  or  modified,  to  meet  the  de- 
mands of  navigation,  and  must  anticipate  what  movements  or  changes 
may  occur,  either  from  natural  causes  or  as  the  result  of  dredging,  to 
threaten  or  favor  his  project. 

When  this  method  of  low-water  improvement  was  first  adopted, 
the  study  of  the  subject  was  almost  exclusively  intrusted  to  the  late 
Henry  Flad,  Past  President,  Am.  Soc.  C.  E.,  who  brought  to  it  his  large 
experience,  great  ingenuity  and  intense  power  of  application.  The 
first  boat  was  built  very  largely  on  his  plans.  It  contained  several 
experimental  features,  and  after  these  were  subjected  to  a  process  of 
selection  and  elimination,  there  remained  the  solid  parts  which,  practi- 
cally unchanged,  have  entered  into  all  the  later  constructions,  as 
described  by  the  author.  To  Colonel  Flad,  perhaps,  more  than  to  any 
one  else,  is  due  the  success  of  hydraulic  dredging  as  applied  to  the 
sand  bars  of  the  Mississipi^i  River. 
Mr.  Le  Conte.  L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E. — This  excellent  paper  is  a  very 
welcome  contribution  to  the  knowledge  of  river  works,  and  announces 
good  news  in  the  way  of  very  important  steps  taken  in  the  direction 
of  speed  and  economy  in  accomplishing  the  great  problem  of  main- 
taining good  low-water  navigation,  at  a  moderate  annual  expense. 

The  engineering  troubles  mentioned  are  on  a  stupendous  scale,  as 
compared  with  those  encountered  on  ordinary  rivers,  but  are,  never- 
theless, quite  similar  to  those  experienced  on  all  rivers  having  a  large 
amount  of  sandy  bed  flow.  Each  year,  as  the  flood  waters  subside, 
and  the  low-water  stage  approaches,  the  wide  sheets  of  shallow  water, 
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passing  over  the  crests  of  tLe  reefs,  begin  to  subdivide  into  channels,  Mr.  Le  Conte. 
more  or  less  marked,  the  locus  naturally  selected  being  at  places  where 
the  material  on  the  reef  happens  to  be  more  easily  eroded  than  else- 
where. Should  several  channels  develop  across  the  reef,  with  no 
particular  difference  as  to  depth  or  width,  the  judgment  of  the  en- 
gineer is  often  sorely  taxed  to  tell  which  one  of  the  number  to  select 
for  improvement.  On  one  hand,  free  navigation  demands  a  reason- 
ably straight  crossing,  while  on  the  other,  experience  shows,  and  it 
too  often  happens,  that  the  square  crossing  at  right  angles  to  the 
general  trend  of  the  river,  is  nevei'theless  the  easiest  and  most  reliable 
channel  to  improve.  This  abnormal  position  arises  from  the  natural 
fact  that,  as  a  rule,  the  lightest  material  is  generally,  if  not  always, 
deposited  at  the  up-stream  flank  of  the  reefs.  All  an  engineer  can  do, 
in  such  tentative  works,  is  to  study  and  cautiously  follow  in  the  foot- 
steps of  natural  erosion  as  the  waters  subside.  To  do  otherwise  would 
be  courting  humiliation  and  wasting  money. 

The  Long  scraper  mentioned  by  the  author  has  been  used  with 
success  on  the  upper  rivers  in  California  in  deepening  chutes  across 
gravel  bars;  but  in  the  lower  rivers,  having  wide  sandy  crossings,  the 
use  of  the  scraper  has  not  been  a  success. 

The  temporary  wing  dams  mentioned  by  the  author  are  certainly 
very  important  inventions,  which  will  undoubtedly  be  of  great  value 
in  the  general  conservancy  of  low- water  navigation.  They  are  capable 
of  doing  a  vast  amount  of  work  in  a  short  space  of  time,  the  main 
points  to  be  considered.  The  practical  application  must  be  tempered 
with  much  judgment,  however,  otherwise  new  bars  will  be  developed 
by  the  disturbance  of  the  level  of  the  pool  watei-s,  and  the  new  bars 
created  may  require  a  large  amount  of  unexpected  work. 

Tree-dams,  referred  to  in  the  paj^er,  constitute  a  very  cheap  and 
effective  means  of  improvement;  the  up-stream  ends  or  butt-ends 
being  anchored  down  on  the  line  of  the  dam.  Such  dams,  of  course, 
last  for  the  season  only,  as  a  rule,  and  are  washed  out  by  the  following 
flood  waters;  but  in  some  cases  it  is  practicable  to  build  them  on  the 
making  side  of  the  bar,  and  thus  the  useful  life  of  the  dam  may  be  pro- 
longed many  years  by  making  small  annual  extensions. 

The  writer  is  ijarticularly  interested  in  these  important  dredging 
results,  inasmuch  as  he  has  been  closely  associated  with  hydraulic 
dredging  plants  at  the  Oakland  harbor-works,  California,  since  1883. 
His  first  paper  on  this  subject  was  read  before  the  Society  on  Decem- 
ber 5th,  1883.*  Since  that  date  every  imaginable  variety  of  "cutter" 
has  been  tried  with  more  or  less  success  in  its  jaarticular  line  of  duty. 
The  hydraulic  jet  admits  of  wide  application,  and  is  eminently  suited 
to  bring  about  the  complete  disintegration  of  all  classes  of  material, 
except  rock  and  tough  rubber-like  blue  clay. 

*  Transact iorts.  Am.  Soc.  C.E.,  Vol.  xiii.  p.  9. 
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Mr.  Le  Conte.  There  is  a  great  variety  in  the  style  of  centrifugal  pumps  in  use, 
and  this  variation  in  practice  is  due  chiefly  to  lack  of  compre- 
hension on  the  part  of  those  who  may  be  called  clean-water  pump 
men  in  contradistinction  to  the  dredge-pump  men.  The  former  al- 
ways insist  on  the  use  of  small  runners  at  high  sjieed,  whereas  ex- 
perience shows,  that  for  dredging  work  large  runners,  with  faces  as 
wide  as  the  diameter  of  the  suction  pipe,  and  moderate  sjjeed  give 
the  best  results  with  lowest  costs  for  wear  and  tear.  As  soon  as  the 
water  column  becomes  heavily  charged  with  material,  sand  particu- 
larly, the  element  of  friction  is  developed  enormously,  which  fact 
weighs  heavily  against  the  use  of  small-sized  pumiss.  Again,  dredged 
material  is  notoriously  full  of  all  kinds  of  foreign  matter,  and,  as  a 
rule,  all  that  which  enters  the  sitction  pipe  must  pass  through  the 
pump.  Any  attempt  to  intercej)t  the  same  by  straining  devices  will 
surely  end  in  failure  due  to  clogging.  The  excej)tion  is  in  the  case  of 
stone,  which  can  be  caught  in  a  depressed  trap.  The  reverse- curved 
arms  have  been  used  in  the  Australian  dredges  built  by  George  Hig- 
gins,  M.  Inst.  C.  E.,  and  are  highly  spoken  of.  The  runners  of  the 
larger  ones  are  8  ft.  in  diameter,  and  have  develoi^ed  unusually  high 
efficiency  at  moderate  speed,  a  matter  of  great  moment  for  dredging. 
Mr.  Wheeler.  W.  H.  Wheelek,  Esq. — Reference  has  been  made  in  the  paper  to 
the  I'emoval  of  shoals  in  rivers  by  a  mechanical  system  of  erosion,  and 
the  transjjort  of  the  material  eroded  by  the  action  of  the  water;  a  de- 
scription of  some  of  the  devices  which  have  been  used  from  time  to 
time  for  this  purpose  being  given.  The  author's  conclusion  appears 
to  be  that  none  of  these  machines  has  satisfactorily  answered  the  jiur- 
l)ose  for  which  it  was  intended. 

Having  spent  a  great  deal  of  time  in  experimenting  and  investigat- 
ing the  best  means  of  applying  the  transporting  power  of  water  to  the 
deepening  and  improvement  of  river  channels,  the  writer  is  pleased 
to  have  the  opportunity  of  stating  the  results  at  which  he  has  arrived. 

It  is  a  matter  of  common  observation  that  all  rivers  during  land 
floods  are  charged  with  a  large  quantity  of  alluvial  matter  which  is 
carried  to  the  sea  in  suspension;  and  their  turbid  condition  then  is 
practical  evidence  of  the  ability  of  water  to  transport  material.  At 
other  seasons,  when  the  water  flows  away  to  the  sea  comparatively 
clear,  there  is  a  waste  of  energy  when  there  are  shoals  in  the  bed  of  a 
river  which  require  to  be  removed,  or  where  the  channel  can  be  im- 
proved by  being  deei^ened. 

Flowing  water  has  generally  a  large  amount  of  undevelojied  power, 
and  glides  over  shoals  without  exercising  the  erosive  action  due  to  the 
velocity  at  which  it  is  running.  A  very  slight  cause  will  lead  to  the 
disturbance  of  the  particles  of  which  such  shoals  are  composed,  and 
will  place  them  in  suspension  in  the  water.  This  latent  power  may, 
therefore,  be  changed  into  active  energy  by  mechanical  erosion  and 
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diffusion,  and  tlins  the  river  may  be  made  the  agent  for  its  own  im-  Mr.  Wheeler, 
jsrovement. 

It  is  unnecessary  to  enlarge  on  the  capability  of  flowing  water  to 
transjjort  material,  as  this  subject  is  fully  dealt  Avith  in  the  chapter  on 
the  transporting  power  of  water,  in  "Tidal  Rivers."* 

An  investigation  of  the  various  machines  which  had  been  invented 
for  the  purpose  of  mechanical  erosion  led  the  writer  to  the  following 
conclusions:  These  machines  failed  either,  (1)  in  completely  churning 
up  the  material  and  incorporating  it  with  the  water;  (2)  in  reducing 
the  particles  to  a  sufficient  degree  of  fineness  to  allow  them  to  remain 
in  susi^ension  after  being  once  set  in  motion ;  or  (3)  by  creating  a  false 
curi'ent,  in  the  vicinity  of  the  machine,  which  carried  away  larger 
particles  than  the  normal  velocity  of  the  stream  could  hold  in  suspen- 
sion, and  these  particles,  therefore,  settled  in  the  channel  as  soon  as 
they  got  beyond  the  sphere  of  the  increased  current.  Harrows  and 
similar  devices  fail  to  fulfill  the  first  and  second  conditions,  and  screws 
of  steam  boats,  which,  under  certain  conditions  have  been  found  of 
use  in  disturbing  and  breaking  up  shoals,  come  under  the  third  con- 
dition. 

The  type  of  eroder  evolved,  after  a  series  of  experiments  with 
models  of  various  shapes  and  designs,  consists  of  a  cone-shaped 
cutter,  having  a  number  of  steel  blades  fastened  vertically  on  the  pe- 
riphery. This  cutter  is  attached  to  the  end  of  a  vertical  shaft  con- 
nected by  bevel  gearing  with  another  shaft  carried  on  a  horizontal 
ladder  working  in  a  well  in  the  center  of  a  barge,  and  driven  by  a 
steam  engine  on  board.  The  ladder,  which  is  hinged  at  the  upper  end, 
rises  and  falls  as  required  in  order  to  adjust  the  cutter  to  the  depth  of 
water  in  which  it  is  working.  The  barge  is  warped  forward  and  side- 
ways by  chains  running  on  winches  worked  by  the  engine.  The  cutter 
works  against  a  fall  of  from  2  to  3  ft.,  and,  as  material  is  detached  by 
it  from  the  shoal,  the  pieces  are  rapidly  rolled  round  and  round  by 
the  centrifugal  current  created  by  the  cutter,  and  rubbed  against  the 
face  of  the  shoal  until  the  jjarticles  are  reduced  to  a  size  of  sufficient 
fineness  to  be  carried  away  by  the  current.  By  this  means  the  cutter 
automatically  adjusts  the  size  of  the  particles  to  the  velocity  of  the 
stream,  the  particles  not  flowing  away  until  they  are  capable  of  remain- 
ing in  sus^jension  in  water  having  a  less  velocity  than  that  of  the  stream 
into  which  they  are  discharged.  If  the  current  has  a  low  velocity,  say 
1  mile  an  hour,  the  jiarticles  continue  to  be  rolled  about  in  the 
vortex  at  the  cutter  until  they  are  reduced  to  a  size  of  1  000  to  2  000 
to  a  lineal  inch.  The  cutting  of  the  face  of  the  material  to  be  removed 
is  more  due  to  the  disintegrating  effect  of  the  small  jDieces  of  soil  being 
continually  rubbed  against  it  by  the  centrifugal  current  than  to  actual 

*  "  Tidal  Rivers,  Their  Hydraulics,  Improvement  and  Navigation,"  by  W.  H. 
Wheeler. 
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Mr.  Wheeler,  contact  witli  the  blades  of  the  cutter.  The  material  thus  placed  in 
suspension  has  been  carried  to  sea  for  a  distance  of  several  miles  with- 
out any  redeposit  in  the  channel. 

This  eroder  gives  the  best  results  when  working  in  shoals  of  alluvial 
matter  or  in  clay.  In  sand  shoals  the  particles  are  too  large  to  remain 
in  suspension  in  the  channel  after  leaving  the  eroder.  The  machine, 
however,  has  been  successfully  used  in  deepening  shoals  consisting 
princiijally  of  coarse  sand  and  shells  mixed  with  gravel.  In  this  case, 
the  disturbance  caused  by  the  eroder  set  the  finer  i^articles  in  motion 
and  mixed  them  with  the  flowing  water,  the  coarse  sand  and  gravel 
dropping  to  the  bed  of  the  channel,  which,  for  the  purj^ose,  was  ex- 
cavated to  a  greater  depth  than  that  required  for  navigation. 

A  machine  made  on  the  principle  here  described,  and  placed  on  a 
steel  barge  built  for  the  purpose,  has  been  successfully  at  work  for  the 
last  eight  years  in  removing  shoals  of  alluvial  matter  which  make  up, 
from  time  to  time,  in  certain  parts  of  a  tidal  navigable  river  which  the 
writer  has  under  his  charge.  Owing  to  the  position  of  these  shoals 
and  the  difficulty  in  removing  the  material,  the  cost  used  to  amount 
to  about  18  pence  per  cubic  yard.  With  the  eroder  in  use,  the  cost 
has  been  reduced  to  1  penny  per  cubic  yard.  In  other  parts  of  the 
same  river  shoals  consisting  of  compact  beds  of  clay,  mixed  in  some 
places  with  chalk,  and  in  others  with  peat,  have  been  eroded  and  cleared 
away  to  depths  varying  from  1  to  5  ft.,  at  a  cost  of  from  1^  jjence  to  2 
pence  per  cubic  yard  measured  in  situ. 

The  eroder  commences  working  on  these  shoals  on  the  ebb  tide,  as 
soon  as  the  water  has  fallen  sufficiently  to  allow  the  ladder  to  reach 
the  bottom. 

It  is  not  contended  that  such  a  machine  is  adapted  to  rivers  of  the 
magnitude  of  the  Mississippi,  or  in  situations  where  the  amount  of 
Avork  to  be  done  warrants  an  outlay  on  a  large  plant.  In  such  cases, 
suction  dredges,  fitted  with  ciitters  and  delivering  into  hoppers,  to  a 
certain  extent  fulfill  the  same  purpose  as  an  eroder,  as  the  smaller 
particles  of  material  disturbed  by  the  cutter  either  float  away  directly 
in  the  stream  or  in  the  effluent  water  from  the  hoppers.  For  this  rea- 
son, when  there  is  sufficient  current  and  the  river  water  is  not  in  a  turbid 
condition,  the  more  the  cutters  disintegrate  the  material,  the  greater 
will  be  the  proportion  of  it  transported  by  the  stream,  and  the  less  the 
proportion  to  be  carried  by  the  ho^jpers.  It  is  due  to  this  cause  that, 
in  many  dredging  oiaerations  in  silt  and  alluvial  matter,  it  is  found  that 
the  quantity  carried  away  in  the  barges  is  less  than  that  measured  in  situ. 

There  are,  however,  numerous  smaller  rivers,  where  the  traffic  is 
not  sufficient  to  warrant  the  outlay  required  for  the  purchase  of  ex- 
pensive plant,  nor  the  revenue  sufficient  to  pay  the  cost  of  hiring  and 
working  ordinary  dredges,  and  in  these  the  navigation  could  be  ma- 
terially improved  by  an  eroder  of  the  kind  here  described. 
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W.  S.  Mitchell,  Esq.* — In  tlie  effort  to  deepen  the  low- water  Mr.  Mitchell, 
channels  of  rivers  flowing  over  shifting  bars  or  "  crossings,"  it  is  prob- 
able that  temporary  or  portable  dams  or  jetties  were  suggested  at 
an  early  date.  Their  practical  use,  however,  is  not  believed  to  have 
been  extensively  tried  in  a  large  river  until,  within  the  past  two 
years,  in  the  Mississippi  between  the  mouths  of  the  Missouri  and 
Ohio  Rivers,  where  they  were  used  on  such  a  scale  as  to  warrant  a 
fuller  description  of  their  evolution  and  effects  than  is  given  by  the 
author  in  his  notice  of  them  as  "current  deflectors,"  which,  by  the 
way,  they  are,  only  in  a  limited  sense,  their  "  deflecting  "  eftect  being  of 
minor  importance.  They  have  been  used  as  "contractors"  to  cut  off 
a  portion  of  the  cross-section  by  giving  an  artificial  crest  to  the  bar  on 
which  they  are  2:)laced,  as  close  to  the  steamer  channel  as  possible;  this 
slight  damming  resulting  in  an  increase  of  a  few  inches  in  the  slope 
over  the  shoal,  and  this  has  been  sufficient  to  gradually  deepen  the 
channel  across  it. 

It  is  true  that  in  placing  them,  the  jetties  have  usually  been  given 
an  inclination  down  stream  toward  the  end  of  the  shoal,  but,  although 
various  angles  have  been  tried,  this  has  proved  of  little  value.  Lat- 
terly, the  angle  has  been  made  very  flat,  and  no  hesitation  has  been 
felt  in  changing  the  direction  of  the  jetty,  or  any  portion  of  it,  to  take 
advantage  of  the  irregularities  of  the  river  bottom  and  thus  avoid 
crossing  very  deep  water.  A  depth  of  about  10  ft.,  with  good  current, 
has  been  found  to  be  the  practical  limit  in  which  such  light  and  tem- 
porary structures  can  be  placed  quickly  and  cheaply.  They  have  been 
successfully  carried  across  depths  of  16  ft.  to  20  ft.,  but  the  piling  sup- 
ports and  foot-mats  have  had  to  be  so  greatly  increased  in  strength 
that  the  cost  was  excessive. 

These  structures,  in  their  evolution  from  plank  aprons  hung  over 
the  sides  of  barges  or  small  flat-boats  moored  in  the  desired  lines,  to 
corrugated  steel  panels  resting  on  the  bottom  on  small  fascine-mats,  or 
plank-mats  and  supported  at  their  tops  by  piling  connected  by  string- 
ers, have  been  fully  described  in  the  reports  of  the  Chief  of  Engineers, 
United  States  Army,  for  1895,  1896  and  1897,  and  will  receive  further 
notice  in  that  for  1898. 

In  all,  on  flf teen  bars,  twenty  jetties,  aggregating  more  than  3j  miles 
in  length,  have  been  placed.  In  the  past  two  years,  10  000  lin.  ft.  of 
steel  panels  (costing  about  $3.50  per  lineal  foot  or  20  cents  per  square 
foot)  have  been  kepi  on  hand  for  use  as  needed. 

In  the  low-water  season  of  1896,  6  500  lin.  ft.  of  jetties  were  built 
in  seven  lines  on  six  shoals,  and  in  the  fall  of  1897,  9  300  lin.  ft.  were 
built  in  nine  lines  on  seven  shoals;  their  cost  having  been  reduced  to 
about  $3  per  lineal  ft.  of  jetty  constructed.  This  includes  all  charges 
for  superintendence,  labor  and  plant,  placing,  maintaining,  removing 

*  United  States  Assistant  Engineer,  St.  Louis,  Mo. 
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Mr.  Mitchell,  at  close  of  season,  storing  when  not  in  use,  repairing,  loss  and  deter- 
ioration of  panels  and  plant,  towage,  etc. 

A  party  of  seventy  men  witli  three  pile-drivers  and  two  derricks 
will  place  about  250  ft.  of  jetty  per  day  of  eight  hours,  and  in  the  same 
time  will  remove  about  400  ft.,  including  the  drawing  of  all  piles  and 
loading  both  piles  and  jjanels  on  barges. 

In  placing  the  jetties  a  great  variety  of  positions  has  been  tried.  A 
few  have  started  from  the  river  bank  or  from  dry  bars,  jutting  out  into 
the  stream,  but  most  of  them  have  been  placed  in  mid-stream  as  close 
to  the  channel  as  possible,  and  usually,  though  not  always,  on  the 
lower  side  of  it,  leaving  the  latter  to  pass  at  either  end  it  might  choose. 
At  Danby  Lauding  a  jetty  1  200  ft.  long  was  placed,  with  the  channel 
passing  in  the  300-ft.  space  between  it  and  the  Missouri  shore,  and  the 
result  was  the  silting  up  of  that  passage  and  the  formation  of  a 
new  channel  close  to  the  jetty  in  the  700-ft.  space  east  of  the  line.  At 
Platin  Kock  the  jetty  (2  200  ft.,  the  longest  yet  built)  preserved  and 
deepened  a  channel  that  passed  directly  under  its  full  length.  Jet- 
ties have  also  been  tried  in  series  like  spur  dikes,  and  in  pairs  act- 
ing as  funnels. 

In  general,  their  effect  has  been  remarkably  good,  the  channel 
depths  being  increased  by  from  1  to  3  ft.,  and  also  being  maintained, 
even  with  a  steadily  falling  river,  which  in  the  past  year  reached 
the  extraordinary  stage  of  1  ft.  below  standard  low  water. 

In  addition  to  the  deepening  of  the  channel  proper  there  is  always 
considerable  scour  immediately  above,  but  so  close  to  the  structure 
that  it  cannot  be  used  as  a  channel  even  by  the  smallest  boats, 
as  it  is  rarely  more  than  30  ft.  in  width.  It  is  this  cut  that  is 
usually  dilated  upon  by  those  river  men  who  are  advocates  of  vai'i- 
ous  forms  of  jetty  identical  in  principle,  svich  as  lines  of  sunken 
barges,  barges  from  which  heavy  sheet  piles  are  dropped,  etc.,  but 
it  cannot  be  used  while  the  jetty  is  in  position;  and,  on  the  removal  of 
the  latter,  it  immediately  silts  up. 

Another  claim  by  these  advocates  is  that  their  forms  of  jetty  will 
accomplish  the  desired  work  in  a  few  hours  or  days,  and  that  the  plant 
may  then  be  removed  for  use  at  other  places,  leaving  a  permanent 
and  constantly  deepening  channel  through  the  bar  last  occupied.  Un- 
fortunately, experience  does  not  confirm  this,  but,  instead,  it  has  been 
invariably  necessary  to  keep  the  jetties  in  place  during  the  entire  sea- 
son to  maintain  the  gain  in  depth  secured  by  their  use,  and  they  have 
been  removed  only  on  the  approach  of  ice.  To  do  this  with  the  forms 
referred  to,  and  on  the  scale  needed,  would  involve  such  enormous 
outlay  for  plant  and  operation  as  to  be  prohibitory. 

Jetties  worked  in  conjunction  with  some  of  the  several  forms  of 
dredges  have  been  tried  and  are  very  successful  in  maintaining  the 
depths  secured  so  miich  more  quickly  in  that  way.     This   has  sug- 
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gested  the  thought  that  it  may  be  possible  to  build  a  jetty,  either  in  Mr.  Mitchell, 
whole  or  in  part,  of  the  sand  thrown  out  by  the  powerful  suction 
dredges  now  coming  into  use.  If  this  can  be  successfully  accom- 
plished, it  will  greatly  cheapen  and  simplify  the  maintenance  of 
dredged  channels  in  such  rivers,  because,  as  a  result  of  the  moving  sand 
of  the  river  bottom,  their  tendency  is  to  fill  up  at  once  upon  the  removal 
of  the  dredge.  Occasionally  a  dredge-cut,  without  other  work  to  main- 
tain it,  may  deepen  and  improve,  and  become  the  permanent  channel 
for  that  low-water  season,  but  more  often  it  will  require  a  repetition  of 
the  work  of  the  dredge,  which  will  thus  be  forced  to  patrol  its  dis- 
trict, cutting  channels  wherever  needed  and  repeating  the  work  as 
many  times  as  may  be  necessary. 

In  addition  to  the  jet  dredge  noted  by  the  author  (pages  238,  239), 
good  results  have  been  secui'ed  by  the  use  of  the  wheels  of  powerful 
tow-boats  anchored  on  the  bars  by  spuds.  The  wheel  is  turned  at 
any  desired  rate  (usually  5  to  i]  full  speed),  the  race  of  water  washing 
the  sand  rapidly  down  stream.  Depths  of  8  ft.  to  10  ft.  have  been 
quickly  attained  in  this  manner.  The  tow-boat  Geuei-al  Abbott  is  fitted 
with  two  powerful  duplex  pumps,  20-in.  and  12  x  24-in.,  discharging 
through  the  stern  rake  just  forward  of  the  wheel,  through  two  4-in. 
stirring  nozzles  lowered  close  to  the  sand,  to  aid  the  wheel  in  cutting 
into  the  bottom. 

This  boat  has  been  very  useful  in  cutting  oflf  the  points  of  reefs 
and  in  removing  mud-lumps,  thus  straightening  channels  Avhich 
otherwise  wei'e  tortuous  and  difficult. 

All  these  jet,  stirring  or  washing  dredges,  however,  are  at  distinct 
disadvantage  on  wide  bars,  in  having  to  move  material  more  than 
once  before  its  final  disposition  by  the  current  in  the  nearest  pool 
below  the  shoal. 

The  two  new  suction  dredges  mentioned  as  designed  by  Major 
Handbury,  for  use  between  the  Missouri  and  Ohio  Rivers  are  now 
ready  for  service.  They  are  powerful  dredgers,  and  that  they  may  be 
expected  to  do  effective  work  during  future  low-water  seasons,  is  jus- 
tified by  their  highly  successful  inspection  trials  when,  under  work- 
ing conditions,  a  maximum  discharge  of  1  200  cu.  yds.  of  solids  per 
hour  was  obtained  with  each. 

The  swivel  joints  in  the  discharge  pipes  at  the  stern  of  the  dredge 
and  the  pontoons,  arranged  to  swing  under  the  pipe,  are  believed  to  be 
novel  and  a  distinct  advance  toward  the  solution  of  the  problem  of 
handling  the  long  discharge  lines  of  suction  dredges. 

By  setting  the  pontoons  at  an  angle  with  the  current  ("  lee-board- 
ing" as  it  is  termed  by  the  river  men,  and  they  may  be  so  set,  singly 
or  all  together  by  means  of  rope  bridles  running  from  the  pontoons  to 
the  dredge  capstans),  the  whole  pipe  line  has  been  swung  out  at  an 
angle  of  48°  from  the  dredge,  and  a  spread  of  80°,  or  670  ft.  between 
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Mr.  Mitchell,  the  ends  of  the  two  lines,  has  been  obtained.  With  greater  experience, 
this  distance  can  probably  be  increased  to  800  ft.,  thus  enabling  the 
discharge  to  be  placed  400  ft.  on  either  side  of  the  dredged  channel 
without  the  use  of  piles  or  lines  to  haul  the  jDontoons  into  the  desired 
position. 
Mr.  Coppee.  H.  St.  L.  Coppee,  M.  Am.  Soc.  C.  E.  —The  dredge,  aside  from  the 
simple  act  of  taking  from  the  bottom  or  sides  of  a  ditch  or  water-way 
a  certain  given  amount  of  material,  has  had  a  moral  and  political  in- 
fluence hardly  secondary  to  the  railroad. 

In  addition  to  reclaiming  harbors,  and  deepening  and  regulat- 
ing rivers  and  canals,  it  has  hurried  the  advance  of  civilization  by 
increasing  the  facility  for  navigation  and  commerce  between  far  dis- 
tant lands,  cutting  the  very  sinews  of  race  prejudice  and  religious 
intolerance,  and  bringing  the  antipodes  together. 

Contemi^late  the  East  of  to-day  and  prior  to  1859,  when  Ferdinand 
DeLessei^s  struck  the  first  blow  on  that  barren  neck  of  land  that  ten 
years  later  was  divided  by  a  canal  connecting  the  Mediterranean  and 
the  Red  Seas — the  new  and  brilliant  West  with  the  shadowy  Orient. 
European  civilization,  customs,  dress,  thought  and  education,  then 
but  surmised  in  that  land  of  compulsory  ignorance  and  superstition, 
are  now  almost  universal. 

The  history  of  dredges  and  dredging,  and  their  evolution  from  the 
very  crude  beginnings  in  the  not  remote  past  to  the  great  machines 
described  in  this  valuable  paper,  is  extremely  interesting. 

The  Century  Dictionary  gives  the  root  of  the  word  dredge  as  drage, 
meaning  to  draw  or  drag.  The  first  dredging  tools  were  purely  drags, 
drawn  along  the  bottom.  To-day  dragging  plays  no  part  in  the  opera- 
tion of  dredging  with  the  modern  machine. 

The  principles  which  govern  the  operations  of  the  various  dredges 
were  probably  applied  daily  by  primitive  man,  and  most  of  the 
types  now  in  use  were  illustrated  by  his  actions  before  the  dawn  of 
civilization.  He  is  seen  in  his  endeavor  to  enlarge  the  basin  of  the 
spring  that  bubbles  from  the  earth  near  his  rough  abode,  scraping 
the  sand  or  leaf  mould  from  the  bottom,  making  of  his  foot  and 
hand  a  crude  scraper  dredge;  or  jjerhaps  holding  with  one  hand 
to  a  tree  or  vine,  and,  with  the  other,  scooping  up  the  material  and 
throwing  it  on  the  bank,  as  in  the  case  of  the  scoop  or  dipper 
dredge;  or  standing. astride  the  pool,  reaching  down  his  muscular 
arms  and  clasping  double  handfuls  of  earth  as  the  clam-shell 
digger  does;  or,  where  the  pool  is  more  extensive,  and  its  waters 
supply  a  community,  with  his  fellows  forming  a  human  conveyor 
to  transjiort  the  more  tenacious  material  from  its  bed  to  the  bank, 
naked  arms,  hands  and  bodies  performing  the  functions  of  an  end- 
less chain. 

This  latter  mode  of  dredging  was  practiced  as  late  as  1864  on  the 
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Suez  Canal  in  the  incipient  stages  of  the  work,  when  Fellah  labor  was  Mr.  Coppee. 
furuished  by  the  Khedive  of  Egypt. 

Consul  Farman  states,  in  an  interesting  rej^ort  to  the  State  Depart- 
ment, May  18th,  1881  : 

"  Two  short  canals,  which  supply  the  City  of  Alexandria  and  the 
small  District  of  Beharah,  required  for  their  ordinary  cleaning  each 
year  twenty-five  thousand  to  thirty  thousand  persons,  for  a  period  of 
from  forty  to  fifty  days.  One  of  these  canals  was  re-excavated  by 
Mohammed  Ali  in  1819  to  1820,  who  employed  in  its  construction  two 
hundred  and  fifty  thousand  (250  000)  laborers  for  about  one  year,  of 
whom  twenty  thousand  (20  000)  are  said  to  have  jjerished  from  sickness 
and  hunger.  All  the  labor  cleaning  the  canals  and  repairing  the  dikes 
is  obtained  by  what  is  known  as  the  Corvee,  a  system  of  forced  labor. 
The  inhabitants  of  the  Fellah  class  are  taken  in  mass  from  their  vill- 
ages and  compelled  to  work  forty-five  days  or  more,  if  required,  under 
overseers  and  without  remuneration  *  *  *  Women  and  all  the  boys 
and  girls  down  to  the  age  of  eight  or  nine  years  are  seen  carrying 
baskets  of  earth  on  their  heads." 

The  canals  that  are  dug  are  cleaned  by  taking  out  the  accumula- 
tion of  deposit  in  baskets,  carried,  for  the  most  part,  on  the  heads  of 
the  women  and  children.  In  many  places  there  is  considerable  water 
tind  a  very  thick  mud  deposit;  this  is  removed  by  a  man  standing  in 
the  water  and  working  out  with  his  hands  pieces  as  large  as  he  can 
conveniently  raise,  which  he  tosses  to  his  neighbor,  standing  near  to 
or  on  one  side  of  the  bank,  whence  they  are  sometimes  passed  to  a 
third  or  even  a  fourth  person,  until  they  are  removed  to  a  sufficient 
distance.  "  Even  at  the  average  pay  for  agricultural  labor  in  Egypt 
of  10  cents  per  day,  such  dredging  would  not  be  excessively  cheap. " 

Again,  in  his  report  on  the  Suez  Canal*,  Professor  J.  E.  Nourse, 
U.  S.  N.,  states  : 

"The  lake  to-day  is  a  large  marsh  of  salt  water  resting  on  clay; 
in  spite  of  its  character,  it  has  not  proved  specially  unhealthy.  The 
line  of  the  canal  here  for  forty-four  kilometers  presented  difficulties 
in  place  of  less  work,  for  its  varying  depth  presented  obstacles  in  the 
way  of  any  connected  work;  but  the  vigorous  race  of  fishermen  on  its 
borders,  accustomed  to  the  sun  and  the  mud,  scooped  up  the  clay  in 
their  hands,  rolled  it  into  balls  on  their  chests,  and  then  carried  it  off 
on  their  backs  with  their  arms  crossed  behind.  In  this  way  they 
raised  about  four  hundred  thousand  (400 OOU)  cubic  meters." 

In  some  parts  of  China,  where  even  at  the  present  time  can  be  seen 
the  customs  and  methods  of  an  ancient  world,  the  dredging  and  levee 
building  is,  to  a  considerable  extent,  carried  on  in  the  same  primitive 
manner. 

The  writer  is  indebted  to  Captain  W.  E.  Huntf  for  the  following 
description  of  a  dredging  outfit,  in  a  letter  received  in  January,  1894: 
"  They  attached  a  bamboo  pole  to  a  scoop-shaped  wicker  basket;  the 
men  and  women  have  a  mode  of  fastening  it  to  their  backs  and  scoop- 

*  Senate  Ex.  Document  No.  198,  1884. 
+  U.  S.  Ex-Consul  to  Hong  Kong. 
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Mr.  Coppee.  ing  up  the  material  from  the  bottom.  From  the  basket  they  throw 
the  mud  out  into  a  small  boat,  the  whole  family,  children  included, 
assisting  in  the  operation.  (The  family  lives  on  the  boat.)  After  ob- 
taining about  one  hundred  pounds  of  mud,  they  pole  the  boat  to  deep 
water,  where  it  is  discharged." 

In  Mr.  Rickard's  article,  "Gold  Dredging  in  New  Zealand,"*  he 
states  that  there  was  in  use  about  thirty  odd  years  ago  a  spoon 
made  of  a  piece  of  hide  fastened  to  a  ring  of  iron  connected  with  a 
shovel  blade  and  attached  to  a  long  handle,  with  which  the  gold-bear- 
ing sand  was  scooped  from  the  bottom  of  the  river.  At  points  where 
the  river  became  too  deep  for  wading,  a  punt  was  employed,  and  the 
"hand  power  was  aided  by  winch  and  tackle  (not  unlike  the  Chinese 
method). 

What  a  contrast  to  the  mammoth  dredges  of  Europe  and  America, 
which  in  a  day,  with  their  huge  arms  and  teeth,  plow  deep  channels 
through  the  solid  earth,  or  with  the  suction  of  their  great  centrifugal 
pumps,  draw  from  their  resting  place  hundreds  of  tons  of  the  ocean's 
sands. 

Undoubtedly  in  the  ancient  civilizations  that  have  sprung  up, 
matured  and  passed  away,  leaving  but  faint  traces  of  their  greatness, 
engineering  appliances  of  many  kinds  were  used,  among  them  the 
dredge  in  some  form.  That  this  dredge  was  more  than  a  crude  type 
of  the  existing  machine  is  hardly  possible,  for  in  the  very  seats  of 
ancient  prosperity,  commercial  and  intellectual,  there  are  found  to-day 
the  most  primitive  machines,  no  trace  of  former  greatness  in  engineer- 
ing methods  or  appliances  being  discernible.  The  harbors  of  the 
Phcenicians,  the  first  great  navigators  and  commerce  carrieis,  have 
been  so  obliterated  by  the  ocean,  that  to-day  it  is  said,  with  one  excep- 
tion, there  is  no  safe  port  for  vessels  of  modern  times  in  any  of  their 
formerly  great  roadsteads. 

In  a  very  interesting  paper  on  the  construction  and  use  of  the 
hopper  dredge,  by  Alexander  Charles  Schonberg,t  are  to  be  found  some 
valuable  notes  on  the  history  of  dredges.  Mr.  Schonberg  states  that 
over  one  thousand  years  before  the  Christian  era,  artificial  harbors  ex- 
isted that  were  probably  originated  and  maintained  by  the  Phoe- 
nicians, as  they  were  the  only  great  navigators  at  that  early  period. 
Their  boats  were  flat  bottomed,  drawing  about  4  or  5  ft.,  and  of  50  to 
60  tons  burden.  In  these  small  vessels  they  carried  the  rich  products 
of  the  soil,  and  of  art  and  manufactiire,  to  the  remotest  parts  of 
Euroije,  Asia  and  Africa,  founding  great  commercial  ports  on  many 
of  the  great  water-courses  of  the  Eastern  Hemisphere. 

The  origin  of  the  harbor  on  the  coast  of  Great  Britain,  Mr.  Schon- 
berg states,  was  a  crude  haven  of  refuge,  constructed  by  piling  up  a. 

*  Engineering  Magazine,  June,  1894,  p.  349. 

t  Read  before  the  Civil  and  Mechanical  Engineers'  Societ  y,  England,  March  14th, 
1888. 
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few  I'ocks,  or  other  material,  as  a  breakwater,  behind  which  these  Mr.  Copp6e. 
small  vessels  rested  during  stormy  weather.  In  time,  this  small  wall 
was  pushed  out  to  deeper  water,  its  dimensions  being  increased  until  it 
linally  protected  a  harbor  of  large  extent  and  great  commercial  im- 
portance. Perhaps,  behind  these  walls  in  those  early  days  some 
simple  kind  of  dredge  was  used,  but  there  is  no  authentic  record  of 
such.  After  the  Phoenicians,  the  Greeks  and  Romans  took  their  place  as 
the  navigators  and  commercial  carriers  of  the  eastern  world,  building 
sea  and  river  works  to  further  their  projects  of  conquest  and  gain,  and 
on  the  decline  of  the  Roman  power,  the  Venetians  continued  the  con- 
struction and  improvement  of  harbors.  Still,  there  is  found  no  record 
of  dredging  operations  (though  undoubtedly  such  were  carried  on). 

Weale's  papers  on  Engineering  (1843)  notice  a  work  by  Verantuis, 
bearing  date  1591,  in  which  there  is  described  a  dredge  consisting  of 
two  pontoons  lashed  together  with  two  spoons  between  them  working 
in  opposite  directions  by  means  of  a  walking  Avheel,  the  raised  material 
falling  into  a  hopper  barge.  This  is  considered  the  earliest  form  of 
the  primitive  dredging  machine. 

From  the  crude  tools,  paddle,  rake,  scraper,  plow,  harrow,  etc., 
used  in  the  sixteenth  century  in  England  and  on  the  Continent,  little 
advance  was  made  until  the  close  of  the  eighteenth  century,  when 
steam  was  beginning  to  be  applietl  to  machinery,  dredges  included. 

In  1796  it  is  stated  that  a  Mr.  Grenishaw,  of  Sunderland,  applied 
to  Messrs.  Boulton  and  Watt  for  a  steam  engine  to  run  dredging 
machinery  for  the  purpose  of  cleaning  Sunderland  Harbor.  The 
machine  was  built  in  the  following  manner:  A  4  H.-P.  engine  was 
placed  in  a  flat-bottomed  boat  60  ft.  long,  20  ft.  wide  and  6  ft.  deep, 
with  a  draft  of  4  ft. ;  the  weight  of  the  engine  and  machinery  was  23 
tons;  the  capacity  was  four  spoons,  each  containing  1  ton  of  mate- 
rial when  full,  lifted  to  the  height  of  about  10  ft.  per  minute.  With 
the  exception  of  the  crude  machine  mentioned  by  Schonberg  as  being 
invented  in  1618,  this  is  probably  the  first  steam  dredging  machine 
ever  constructed.  The  spoons  in  this  dredge  were  in  the  form  of 
truncated  cones,  with  the  small  end  closed,  the  open  end  having  a 
spade  bit.  The  spoons  were  made  of  hide  leather  with  an  iron  rim 
(somewhat  similar  to  the  New  Zealand  scoop  before  described).  The 
engines  had  a  12^-in.  cylinder  and  3-ft.  stroke,  and  made  30  strokes 
per  minute,  and  were  of  the  form  called  bell-crank  engines. 

The  editor  of  Enyineeriny  News  states  that  Oliver  Evans  in  1801 
built  in  America  a  floating  dredging  machine  operated  by  the  first 
successful  double  acting  high-pressure  engine  ever  made.  By  putting 
wheels  untler  his  boat  and  connecting  them  with  his  engine,  he  propelled 
this  nondescript  craft  \\  miles  overland  to  the  point  of  launching. 

With  the  exception  of  one  type  of  dredge,  which  seems  to  be  indig- 
enous to  America  (the  dipper  or  scoop),  the  history  of  dredging  in 
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Ml-.  Coppee.  the  nineteeutli  century  lias  been  quite  similar  on  both  sides  of  the  At- 
lantic. First  the  scraper,  plow,  jet,  etc. ;  then  the  clam-shell  digger 
(also  the  dipper  in  America),  then  the  bucket  ladder,  followed  by  the 
hydraulic  dredge;  each  tyjae  having  numerous  modifications  to  suit  the 
conditions  under  which  they  operate  and  the  special  duty  for  which 
they  are  designed. 

The  first  use  of  the  dredge  in  the  United  States  seems  to  have  been 
in  the  construction  and  maintenance  of  canals.*  Canal  work  is  men- 
tioned as  early  as  1770.  The  James  River  Canal  was  constructed  in  1785 
and  the  Dismal  Swamp  Canal  in  1794,  the  Merrimac  River  Canal  in 
1792  and  the  Carondelet  Canal  in  Louisiana  in  1794,  the  Charleston 
Harbor  and  Santee  River  Canal  in  1802.  Until  1824  there  was  no  estab- 
lished United  States  Engineer  Corps,  and  up  to  that  time  little  or  no 
work  on  river  or  harbor  improvement  had  been  undertaken. 

William  P.  Craighill,  Past  President  Am.  Sec.  C.  E.,t  states  that  as 
late  as  1853  in  this  country  there  were  few  dredges.  The  Government 
advertised  for  bids  for  dredges  to  improve  the  harbor  of  Baltimore  for 
two  or  three  years,  but  no  contractor  would  submit  a  reasonable  bid. 
It  was,  therefore,  necessary  to  construct  dredges  of  the  Osgood 
pattern,  also  dumping  scows  and  a  tugboat.  The  Osgood  dredge 
■was  the  simplest  form  of  the  scoop  dredge,  the  first  steam  dredging 
machine  generally  used  in  America.  Thus  it  is  seen  that  the  more 
general  use  of  dredges  proper  and  their  development  to  machines  of 
great  perfection,  to  operate  under  varying  conditions,  is  confined  to 
comparatively  recent  years.  In  little  more  than  a  century  the  crude 
rake  of  the  Clyde  contractor  has  been  changed  for  the  most  complete 
modern  dredge,  moving  in  some  instances  as  much  as  10  000  cu.  yds. 
in  twenty-four  hours. 

A  few  years  ago  (1872)  the  hydraulic  dredge  was  hardly  more  than 
the  embryo  of  the  machine  in  its  present  fully  developed  form;  the 
simplest  application  of  the  principle  consisting  of  a  barge,  a  centri- 
fugal pump  with  suction  and  discharge  of  the  simplest  form.  The 
dredges  of  the  Mississippi  River  Commission  are  probably  the  largest 
and  most  effective  in  the  world.  The  value  of  their  work  is  no  longer 
problematical,  though,  on  one  or  two  crossings,  they  have  not  been 
altogether  successful.  On  a  great  majority  they  have  been  entirely 
so.  The  trouble  seems  to  be,  not  in  the  work  of  the  dredge,  but  in  the 
difficulty  of  locating  the  cut  through  the  crossing  to  the  best  advant- 
age, and  foretelling  the  action  of  the  currents,  both  forming  and  re- 
ducing the  bar.  All  the  little  idiosyncracies  of  the  great  river  where 
these  dredges  work  may  not  be  known,  but  as  time  goes  by  and  ex- 
perience and  data  accumulate,  the  general  and  perhajas  specific  law  of 

*"The  Beginnings  of  Engineering,'  by  J.  E.  Watkins,  Assoc.  Am.  Soc.  C.  E.,  Trans- 
actions.  Am.  Soc.  C.  E.,  Vol.  xxiv,  p.  809. 

t  "  Some  Observations  on  the  Subject  of  the  Improvement  of  Several  of  the  Rivers  of 
the  Atlantic  Coast."'  Transactions,  Am.  Soc.  C.  E.,  Vol.  xix,  p.  2M. 
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flow  over  the  bars  will  be  developed,  and  less  power  and  time  will  be  Mr.  Coppee. 
wasted  in  accomplishing  greater  results. 

The  author  has  not  given  the  cost  of  dredging  with  these  machines, 
probably  because  of  the  difficulty  of  determining  what  material  is 
actually  excavated  and  conveyed  by  the  dredge  and  what  removed  by 
the  current.* 

It  is  interesting  to  note  that  the  jet  agitators  have  proved  more 
satisfactory  than  the  mechanical  cuttei's.  It  was  the  opinion  of  the 
writer  that  the  reverse  would  be  the  case,  but  the  reduction  in  weight 
and  care  of  machinery,  and  the  effective  work  of  the  jets,  have  proven 
beyond  all  doubt  the  superiority  of  the  latter  on  the  sandbars  of  the 
Mississippi.  In  fact,  in  a  number  of  instances,  the  dredges  have 
worked  well  without  either. 

When  the  great  dredge  Beta  was  completed,  tests  of  its  capacity 
were  made,  as  shown  by  the  author,  most  of  them  lasting  less  than  a 
minute.  These  tests  were  very  misleading.  After  the  dredge  was  put 
to  work,  its  capacity  for  continuous  operation  was  found  to  be  far 
under  the  figures  given  by  the  short-time  trials.  In  the  case  of  the 
new  dredges,  the  capacity  and  efficiency  tests  are  also  of  short  dura- 
tion, and  are  but  a  poor  indication  of  what  the  dredges  will  actually 
accomplish  under  the  average  conditions  of  work  for  which  they  are 
designed. 

It  is  the  writer's  experience  that  very  inferior  dredges  will  often 
give  great  results  for  a  few  minutes  under  favorable  circumstances, 
but  will  show  weakness  and  inefficiency  in  a  day's  run. 

The  changes  to  be  made  in  the  Beta  will  add  to  its  effectiveness  and 
should  reduce  the  cost  of  operation.  The  great  draught,  augmented 
by  the  weight  of  the  cutter  engines  and  other  machinery  that  will  be 
removed  was  much  to  its  disadvantage.  As  the  author  states,  the  wear 
and  tear  of  the  cutter  machinery,  to  say  nothing  of  the  j^ower  re- 
quired, added  largely  to  the  expense. 

The  writer  examined  this  dredge  about  the  time  it  was  tested,  be- 
fore being  accepted  from  the  contractor,  and  was  much  impressed  by 
its  great  size  and  powerful  machinery,  and  the  perfection  of  detail, 
which  is  rarely  seen  in  machinery  subject  to  such  shocks. 

A.  F.  WooiiiiEY,  Jr.,  Esq. — The  dredge  Ram  was  built  in  1893 to  work  Mr.  WooUey. 
in  what  is  known  as  Old  River — ^virtually  the  mouth  of  Red  River. 
The  conditions  under  which  it  was  to  work  Avere  quite  different  from 
those  which  would  be  encountered  in  the  Mississii^pi,  the  classes  of 
material  to  be  handled  running  through  the  various  grades  of  very 
soft  or  semi-liquid  mud,  soft  mud  and  sand  mixed  in  strata,  stiff  blue 
gummy  clay,  gravel  and  fine,  medium  and  coarse  sand. 

In  1831  the  Mississippi  River,  with  artificial  assistance,  made  what 
is  known  as  "  Shreve's  Cut-Off, "  passing  across  a  narrow  neck  of  land 

*  For  summary  of  operations,  including  cost,  etc.,  see  Chief  Engineer's  Report,  Miss. 
River  Commission,  1897,  p.  3  612. 
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Mr.  Woolley.  and  making  an  island  of  the  former  jjeninsula,  which  is  now  known  as 
Turnbull's  Island.  Bed  River  formerly  emptied  into  the  Mississippi  at 
the  upper  end  of  the  sharp  bend  forming  the  western  extremity  of  this 
peninsula,  and  the  Atchafalaya  River  was  a  small  outlet  of  the  Missis- 
sippi at  the  lower  end  of  this  bend.  The  old  bed  of  the  Mississippi 
has  been  filled  in  by  the  annual  deposits,  until  there  remains  only  a 
narrow  and  inadequate  channel  which  hugs  first  one  and  then  the 
other  of  the  original  banks  of  the  old  river-bed. 

From  the  original  mouth  of  Red  River,  around  the  upper  or  north 
side  of  Turnbull's  Island,  to  the  eastern  end,  is  known  as  Upjier  Old 
River.  From  the  original  mouth  of  Red  River,  around  the  western 
end,  to  the  Atchafalaya  is  called  Red  River;  along  the  southern  side  of 
the  island  and  out  to  the  Mississippi  is  known  as  Lower  Old  River, 
and  through  the  latter  navigation  is  maintained. 

It  will  readily  be  seen  that  at  such  times  as  the  Red  River  is  at  a 
higher  stage  than  the  Mississippi,  Lower  Old  River  is  carrying  a  por- 
tion of  Red  River  to  the  Mississippi  in  the  capacity  of  a  tributary  of 
the  latter,  the  Atchafalaya  carrying  the  remainder  to  the  Gulf,  via  a 
a  chain  of  lakes,  and  emptying  20  miles  south  of  Morgan  City,  La.  At 
such  times  as  the  Mississippi  is  at  a  higher  stage  than  the  Red,  the 
Lower  Old  River  becomes  an  outlet  of  the  Mississippi,  carrying  a 
portion  of  its  waters  to  the  Atchafalaya,  and  in  this  case  the  Red  and 
Old  Rivers  are  both  tributaries  of  the  Atchafalaya. 

It  is  to  be  noted,  therefore,  that  sand  is  carried  into  Old  River  to 
a  distance  and  in  quantities  varying  with  the  velocity  of  the  current, 
which  is  in  tiarn  quite  erratic  and  dependent  on  the  fluctuating  stages 
of  the  Mississippi  and  Old  Rivers,  the  maximum  velocity  being  10 
miles  per  hour.  The  direction  of  the  current  is  not  infrequently  re- 
versed for  short  periods,  shoaling  up  and  thereby  aggravating  the  evil 
from  drifting  sands,  a  portion  of  which  would  have  passed  through 
Old  River  and  a  larger  portion  of  which  would  have  been  distributed 
over  a  large  area,  or  deposited  in  some  of  the  deep  pools  to  be  found 
in  Old  River. 

There  are  two  other  and  more  serious  obstacles  to  maintaining 
navigation,  viz.,  the  large  sand  bar  annually  formed  at  the  jiinction 
with  the  Mississippi  River,  and  sloughing  banks. 

The  bar  at  the  mouth  must  always  be  removed  by  dredging,  so  long 
as  the  current  in  Old  River  has  no  fixed  direction.  This  bar,  while 
varying  much  as  to  location  and  extent,  has  always  been  such  that  it 
was  possible  to  locate  and  dredge  a  suitable  channel,  and  this  contains 
annually  about  the  same  cubic  yardage. 

Heretofore  and  up  to  the  time  of  the  writer's  connection  with  this 
work  the  sloughing  banks  have  been  the  cause  of  the  greater  portion 
of  the  dredging  in  Old  River. 

In  the  old  bed  of  the  Mississippi,  and  at  distances  more  or  less  re- 
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mote  from  the  present  channel,  there  are  large  lakes  which  are  filled  Mr.  Woolley 
from  the  annual  floods.  As  their  shores  were  built  np,  these  lakes 
from  year  to  year  held  water  at  correspondingly  greater  heads  above 
the  low-water  level  of  Old  River.  The  banks  were  entirely  submerged 
during  high  water,  and  were  kept  thoroughly  saturated  during  low- 
water  jjeriods,  and  consequently  they  never  attained  a  stability  that 
would  permit  their  standing  at  anything  but  a  very  flat  slope. 

The  banks  ultimately  attained  a  height  of  25  or  30  ft.  above  low 
water  in  Old  River,  and  sloughing  occurred  in  such  masses  as  to 
thrust  large  volumes  of  material  into  the  channel  from  the  sides. 
Where  the  section  of  the  river  was  quite  wide,  the  large  masses  of 
material,  sliding  down  the  slopes  of  the  bank,  though  not  able  to 
reach  the  channel  itself,  were  deposited  on  the  flat  portion  imme- 
diately adjacent  thereto.  By  virtue  of  their  enormous  weight,  they 
forced  up  the  bottom  of  the  channel,  owing  to  the  unstable  nature  of 
the  material,  thereby  forming  what  are  locally  termed  "  mud  lumps," 
completely  obstructing  the  channel  which,  probably  an  hour  before, 
had  contained  from  10  to  12  ft.  of  water. 

There  was  a  time,  no  doubt,  when  it  would  have  been  impossible 
or  impracticable  to  obviate  this  trouble,  for  during  the  early  stage  of 
this  silting- up  process  the  entire  old  river-bed  was  a  perfect  sea  of 
liquid  mud,  and  it  was  difficult  to  actually  define  the  real  shore  lines. 

Later,  there  was  a  time  at  which  much,  and  finally  practically  all, 
of  this  sloughing  and  its  attendant  evils  could  have  been  obviated  by 
simply  keeping  all  these  lakes  thoroughly  drained  during  the  low- 
water  season.  The  lakes  were  first  systematically  drained,  by  the 
writer,  in  the  spring  of  1894,  and  have  been  drained  annually  from  that 
date  to  the  present,  thereby  reducing  the  amount  of  dredging  more 
than  one-half. 

The  first  season  the  writer  was  placed  in  charge  of  dredging  opera- 
tions in  Old  River,  a  thorough  survey  of  the  entire  river  was  made, 
with  numerous  sections  normal  to  the  channel.  These  sections  were 
connected  with  an  accurate  traverse  line  on  top  of  the  bank,  and  from 
this  a  complete  contour  majj  was  prepared,  embracing  everything  be- 
tween the  tops  of  the  banks.  On  this  map  were  established  what  the 
writer  determined  should  be  the  fixed  channel  limits  for  future  dredg- 
ing operations,  all  of  which  received  the  approval  of  the  District  En- 
gineer. These  limits  were  determined  with  the  following  points  in 
view — economical  maintenance,  ease  and  safety  of  navigation,  tendency 
to  maintain  the  original  location  from  year  to  year,  economy  of  first 
construction,  and  location  where  a  pilot  would  naturally  seek  a 
channel. 

Carefully  studying  the  situation  under  the  above  qualifications  in 
the  order  named,  it  was  considered  reasonable  to  locate  such  channel 
limits,  with  the  exception  of  the  channel  at  the  mouth  of  Old  River 
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Mr.  WooUey.  (known  as  Carr's  Point  Bar),  Fig.  20.  The  latter  has  had  to  be 
located  from  year  to  year  to  conform  to  conditions  in  the  immediate 
vicinity  which  are  materially  changed  with  each  successive  flood  of 
either  the  Mississippi  or  the  Red  River. 

The  writer  has  always  foiind,  from  year  to  year,  remains  of  the 
channel  dredged  the  previous  year,  and,  while  the  channel  may  be  ob- 
literated at  one  or  moi-e  points,  it  is  a  short,  and  the  most  direct,  route 
to  connect  these  disconnected  ends,  by  dredging  through  the  obstruc- 
tions. After  a  jaeriod  of  four  years  the  writer  is  prepared  to  state  that 
this  system  of  dredging,  or  fixed  channel  limits,  together  with  the 
thorough  drainage  of  the  lakes,  is  to  be  credited  with  from  50%'  to 
75"o  of  what  Avas  formerly  the  cost  of  dredging  at  this  location. 

At  the  time  the  Ram  was  designed  and  built,  it  was  intended  to 
dredge  out  Upper  Old  River,  which  is  filled  almost  entirely  Avith  a 
deposit  of  soft  mud,  such  as  the  dredge  was  particularly  designed 
to  handle.  The  tests  were  made  in  this  material,  and  showed  a 
capacity  somewhat  in  excess  of  300  cu.  yds.  per  hour. 

The  material  handled  under  ordinary  working  conditions  averaged 
about  150  cu.  yds.  per  hour.  The  writer  made  a  test  embracing  a 
period  of  4^  days  on  a  reef  of  very  compact  fine  sand,  the  average  for 
this  period  being  178  cu.  yds.  per  hour,  although  the  depth  of  cut 
across  the  dredged  channel  was  not  uniform,  and  consequently  the 
work  accomplished  was  somewhat  less  than  the  maximum  capacity  of 
the  dredge,  even  in  this  class  of  material. 

This  dredge  has  handled  material  for  $0,025  per  cubic  yard.  The 
work  m  some  seasons  has  cost  practically  double  this  amount  owing  to 
the  fact  that  the  dredge  was  required  to  remain  on  the  work,  with  a 
reduced  crew,  to  redredge  the  channel  should  a  reversal  of  the  current 
renew  the  sand  reefs. 

All  dredging  in  Old  River  is  to  a  plane  7  ft.  below  zero  of  Barbres 
Gauge,  and  to  a  width  of  80  ft.  at  the  bottom,  and  at  the  mouth — Carr's 
Point — to  a  depth  of  8  ft.  below  zero  with  a  bottom  width  of  110  ft. 

The  gauge  records  throughout  a  long  period  show  that  the  direc- 
tion of  the  current  during  the  greater  part  of  the  low-water  period  is 
from  the  Mississippi  toward  the  Atchafalaya,  and  the  channel  at  the 
mouth  was  designed  to  conform  to  this  prevailing  condition.  The 
outer  or  Mississippi  end  of  this  channel  was  turned  up  the  Mississippi 
to  receive  its  supply  unimpeded.  The  inside  or  Old  River  end  of  the 
channel  was  trained  down  Old  River,  so  that  it  might  discharge  di- 
rectly into  the  deepest  water  in  Old  River. 

The  channel  across  the  bar  at  the  mouth  approximates  in  shape  the 
arc  of  a  circle,  with  a  radius  of  about  650  ft.,  and  serves  the  following 
desirable  ends,  which  are  not  attained  by  any  dredged  channel  along 
the  main  shore :  It  provides  the  shortest  route  between  deep  water  in 
the  Mississippi  and  deep  water  in  Old  River;    it  maintains  a  greater 
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Mr.  Woolley.  head  of  water  in  Old  River,  as  it  takes  its  supply  from  the  Mississippi, 
4  000  ft.  above  the  mouth  of  the  shore  channel,  and  conducts  it  di- 
rectly across  the  bar  into  Old  River;  it  effects  saving  of  head,  due  to 
the  surface  slope  in.  8  000  ft. ,  and  it  more  nearly  maintains  itself  after 
being  dredged. 

The  synopsis  of  the  general  plan  of  this  dredge  given  by  the  author 
is  correct.  A  copy  of  the  detailed  specifications  may  be  found  in  the 
annual  report  of  Captain  John  Millis.* 

This  dredge  has  proven  to  be  an  exceedingly  satisfactory  machine, 
all  things  considered.  The  most  serious  objection  that  could  be 
raised  is  to  the  wooden  hull,  and  the  small  dimensions  for  carrying 
so  much  machinery,  together  with  the  supplies  of  lines,  etc.,  that  are 
needed  for  a  season's  work.  The  present  wooden  hull  is  badly  de- 
cayed, and  it  is  expected  to  replace  it  next  year  with  a  steel  hull  of  25 
ft.  greater  length.  All  parts  of  the  machinery  have  proven  themselves 
amply  strong  and  well  fitted  for  the  service  intended. 

Briefly,  the  general  description  of  tlie  Ram  and  the  method  of  work- 
ing is  as  follows: 

Hull  of  decked  barge  type,  95  ft.  long,  27  ft.  beam,  6  ft.  6  ins.  deep; 
propelling  engines  of  the  modern  high  pressure,  western  river  type, 
connected  to  the  usual  stern  wheel;  suction  pump  15-in.  Edwards 
centrifugal,  three-winged  runner,  intake  in  the  starboard  axis  of 
pump,  discharge  from  bottom  of  casing  and  to  the  rear  through  pipe 
suspended  below  deck  to  a  "Y"  near  after  end  of  boat,  and  just 
forward  of  spud,  the  discharge  being  diverted  to  port  or  starboard  at 
will  by  the  "  Y;"  the  out-board  discharge  is  connected  to  a  floating 
pipe  line  or  to  a  short  section  (55  ft.),  susj^ended  by  shear  legs  directly 
from  the  side  of  the  boat;  the  pump  suction  carried  by  the  cutter 
frame  to  the  base  of  the  cutter  head;  the  cutter  head  supported  at 
the  forward  end  of  the  cutter  frame,  and  driven  by  a  5-in.  shaft,  made 
in  three  sections,  connected  by  claw  couplings,  all  supported  by  bear- 
ings on  cutter  frame  and  driven  by  high  pressure  engines  and 
sprocket  gearing  on  bow  of  boat;  cutter  shaft  connected  to  sprocket 
gearing  by  mitre  wheels  directly  on  bow  of  boat,  to  permit  of  the 
cutter  frame  being  raised  or  lowered  through  a  large  vertical  arc; 
cutter  frame  having  a  triangular  horizontal  section,  its  base  being 
hinged  to  the  bow  of  boat,  its  apex  or  forward  end  being  suspended 
by  wire  rope  tackle  from  an  A'^rame  slightly  overhanging  the  bow  of 
the  boat,  the  suspending  tackle  being  connected  to  hoisting  engines 
on  forward  deck  for  raising  and  lowering  to  desired  depth  of  cut; 
swinging  chain  and  cables  leading  from  friction  drums  on  bow  of 
boat,  through  cutter  frame  near  forward  end,  to  anchors  or  dead-men 
on  either  side  of  channel;  a  spud  on  the  axis  of  the  hull  10  ft.  from 
the  after  end,  by  means  of  the  swinging  cables  the  cutter  is  swung 
*  Report  of  the  Chief  of  Engineers,  U.  S.  A.,  1894,  page  2979,  Appendix  XX. 
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l)ack  and  forth  across  the  channel  to  be  cut,  with  the  sjiud  as  a  center,  Mr.  Woolley. 
and  the  distance  between  spud  and  cutter  as  a  radius. 

For  the  work  in  Old  River,  with  the  strong  current  which  usually 
prevails,  it  was  found  very  difficult  to  use  the  pontoons,  even  where 
the  depths  outside  the  channel  were  sufficient,  and  there  were  many 
places  where  they  could  not  be  floated.  It  was  then  decided  to 
suspend  as  great  a  length  of  discharge  pipe  as  possible  from  the  side 
of  the  boat,  and  discharge  directly  overboard.  By  keeping  the  dredge 
well  to  the  side  of  the  channel,  on  which  the  discharge  was  being  placed, 
taking  the  full  swing  in  the  opposite  direction,  it  was  found  that  the 
material  could  be  placed  60  ft.  away,  or  on  top  of  the  flat  shelf  outside 
of  the  dredged  channel.  With  the  class  of  material  encountered  in 
Old  River,  it  was  found  that  a  very  small  percentage  of  discharge 
returned  to  the  channel.  The  ease  of  manipulation  much  more  than 
outweighed  the  return  of  material  to  the  cut,  as  compared  with  the 
stoppage  and  loss  of  time  due  to  buckling  and  fouling  of  the  pontoon 
line  in  shallow  water. 

In  cutting  the  channel  across  the  bar  at  the  mouth,  the  discharge 
was  always  placed  on  the  down-stream  side,  and  although  the  material 
at  this  point  is  largely  sand  and  gravel,  a  comparatively  small  amount 
of  it  returned  to  the  cut. 

The  bar  at  the  mouth  had  been  cut  through  when  500  ft.  of  the 
proposed  channel  was  high  and  dry  above  the  water  surface.  In  cut- 
ting through  a  dry  bar  the  cutter  head  is  lowered  to  the  desired 
depth  of  channel,  and  worked  forward  just  as  fast  as  the  material 
sloughs  down  the  face  of  the  cut.  Of  course,  no  material  standing 
above  the  water  surface  could  be  cut  through  and  not  slough  down 
the  face  of  the  cut,  without  much  delay  from  moving  back  to  clean 
up  material  that  might  have  fallen  behind  the  cutter  head,  unless 
blasting  or  other  artificial  means  were  used  to  throw  down  the  face 
of  the  cut  slightly  in  advance  of  the  cutter.  For  this  same  reason  no 
gi'eat  depth  of  cut  can  be  taken  in  very  stiff  clay  without  a  consider- 
able fouling  of  the  channel  behind  the  cutter  head. 

From  the  foregoing  it  will  be  quite  evident  that  the  depth  of  a 
single  cut,  within  certain  limits,  has  to  be  determined  by  the  class  of 
material  being  handled. 

The  dredge  is  always  worked  down  stream,  and  the  greater  the 
velocity  of  the  current,  the  greater  the  necessity  for  so  doing,  to  pre- 
vent the  fouling  of  the  channel  behind  the  dredge. 

For  all  classes  of  material  encountered  in  Old  River,  it  is  found 
that  the  channel  behind  the  dredge  does  not  differ  less  than  0..5,  nor 
more  than  1  ft.  from  the  depth  at  which  the  cutter  head  is  being 
worked. 

When  dredging  in  pure  sand,  the  depth  of  clear  channel  behind 
the  dredge  and  the  depth  of  the  cutter  head  varies  from  ij  to  1!  ft., 
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Mr.  WooUey.  and  much  of  this  diflference  the  writer  attributes  to  material  running 
from  the  sides.  The  Ram  was  fitted  and  designed  to  work  with  a 
walking  or  push  spud,  to  be  operated  by  steam,  the  spud  to  be  raised 
and  the  foot  set  forward  again  after  the  dredge  had  been  fed  into  the 
cut  through  the  maximum  movement  permitted  by  the  spud.  This 
was  never  successful.  The  pushing  gear  was  weak  and  defective,  and 
the  dredge  was  always  thrown  back  from  the  face  of  the  cut  when  the 
si^ud  was  being  raised. 

The  spud  is  now  used  only  to  hold  the  dredge  in  place.  When  the 
spud  is  i-aised,  the  dredge  is  fed  forward  by  the  propelling  engine. 
Under  ordinary  working  conditions  and  depth  of  cut,  the  cutter  head 
is  swung  across  and  back  again  over  the  desired  width  of  cut,  the 
sjjud  is  raised  and  the  dredge  forced  ahead  by  propelling  engines. 
The  usual  forward  movement  is  from  18  to  24  ins.  each  time,  and  at 
about  four  or  five  minutes  apart. 

A  careful  study  of  the  daily  log  of  the  Ram  during  the  working 
season,  since  she  was  placed  in  commission,  shows  that  seven  and  one- 
half  out  of  every  ten  hours  are  actually  devoted  to  dredging.  This 
loss  of  but  25%'  of  the  actual  working  time  is  for  all  causes — minor 
repairs,  moving  swing  cables  forward  to  dead-men  or  shore  anchor- 
ages, lowering  swing  lines  for  passing  boats,  raising  cutter  to  remove 
debris  or  lubricate  shaft  bearings,  and  moving  dredge  to  fuel  barge  for 
coaling  bunkers  Avhen  working  without  the  service  of  a  tender. 

After  four  years'  experience  with  this  particular  dredge,  the  writer 
is  of  the  opinion  that  a  machine  of  this  type,  which  can  devote  75%" 
of  its  working  time  to  actual  dredging,  is  quite  up  to,  if  not 
above,  the  average.  A  dredge  specially  built  to  work  in  the  open 
Mississippi,  and  not  subject  to  many  of  the  stoppages  hereinbefore 
mentioned,  should  be  able  to  average  8  to  9  houi"s'  actual  work  out  of 
every  possible  10,  or  19  to  21  out  of  every  24  hours. 

In  1896  the  Mississippi  River  Commission  directed  that  the  Ram, 
in  addition  to  its  duties  at  Old  River,  should  care  for  the  needs  of 
navigation  at  Ford's  Crossing,  none  of  the  other  dredges  built  for  use 
in  the  Mississippi  being  available  for  that  locality. 

Ford's  Crossing  (Fig.  21)  is  in  the  Mississippi  River,  about  eleven 
miles  below  Natchez,  Miss.  This  bar  does  not  annually  become  a 
serious  obstruction  to  navigation.  In  only  about  one  of  every  three 
years  has  the  depth  of  water  been  less  than  7  to  8  ft. 

In  1896  the  greatest  channel  depth  across  this  bar  was  but  5.4  ft. 
The  crossing  was  rather  abrupt,  being  at  an  angle  of  about  45°  to  the 
axis  of  river,  and  so  crooked  as  to  offer  serious  obstruction  to  the 
navigation  of  boats  drawing  even  less  than  5  ft.  A  survey  was  made 
and  a  contour  map  of  the  bar  prepared.  The  channel  was  located  by 
the  most  direct  route  from  the  upper  to  the  lower  pool,  parallel  to  the 
thread  of  the  current  and  practically  over  the  nearest  approach  to  any 
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existing  channel.     Numerous  floats  were  run  from  the  upper  to  the  Mr.  Woolley. 

lower  pool,  their  course  being  accurately  located  on  the  contour  map. 

All  available  data  were  taken  and  noted  in  order  to  lay  the  proposed 

channel  so  as  to  coincide,  as  nearly  as  possible,  with  that  which  Nature 

would  seem  to  indicate  as  her  choice.     The  total  length  of  channel 

dredged  was  2  400  ft.,  to  a  depth  of  12  ft.  below  extreme  low  water, 

with  a  bottom  width  of  100  ft.     A  navigable  channel  of  9.5  to  10.5  ft. 

was  maintained  during  the  season  by  going  over  the  cut  twice.     The 

dredge  was  entirely  inadequate  to  cope  successfully  with  a  bar  of  this 

magnitude.     The  conditions  were  unfavorable  for  a  test  of  a  dredge 

of  this  particular  type  and  small  caj^acity  for  bars  in  the  Mississippi. 


SOilOO' 

B.M. 


FORD'S   CROSSING  

SHOWING  CHANNEL  DREDGED  OCT.  1896. 

SCALE  OF  FEET 
100  0  100     300     300 

Fig.  21. 

The  river  was  falling  during  the  first  cut  and  rising  during  the  second. 
There  was  a  much  greater  back-fill  and  running  of  sand  from  the 
sides  during  a  rising  stage.  The  effects  of  dredging  seemed  to  be 
pretty  well  obliterated  five  days  behind  the  dredge  on  a  rising  river. 
With  a  falling  river  the  channel  behind  the  dredge  maintained  itself 
much  better  than  had  been  expected.  These  conditions  may  apply 
generally  to  this  and  many  bars  in  the  Mississippi,  or  they  may  be  as 
erratic  as  some  natural  locations  of  channels  across  bars. 

The  material  encountered  at  Ford's  Crossing  was  sand,  mixed  with 
about  1%  of  gravel.  The  sand  was  much  coarser  than  that  encount- 
ered at  the  mouth  of  Red  River,  and  worked  much  easier,  the  dredge 
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Mr.  Woolley.  handling  about  20%  more  j^er  hour  than  at  Red  River,  the  average  of 
solid  matter  being  about  12  per  cent. 

The  writer's  experience  in  dredging  large  sand  bars  in  the  Missis- 
sippi River  has  been  limited  to  this  work  at  Ford's  Crossing,  with  this 
comparatively  small  sand  bar  and  small  dredge;  beside  which  the  larger 
bars  and  larger  dredges,  in  the  upper  Mississippi,  are  about  as  1  to  10. 

However,  the  experience  gained  at  Ford's  Crossing  has,  in  the 
opinion  of  the  writer,  determined  that  the  prerequisites  to  the  suc- 
cessful dredging  of  a  navigable  channel  through  the  bars  in  the  Missis- 
sippi River  are: 

i'^/rs^.— Machinery  of  large  capacity,  able  to  burst  through  a  bar 
in  the  shortest  practicable  time  in  order  to  secure  the  scouring  action 
of  the  current  before  the  channel  behind  the  dredge  shall  have  de- 
teriorated. 

Second. — A  location  of  the  proposed  channel  to  confoi'm,  as  nearly 
as  can  be  determined,  to  Nature's  choice,  from  which  the  slightest 
deviation  will  develop  insurmountable  obstacles,  resulting  in  ex- 
pensive and  useless  labor. 

Before  having  had  actual  experience  in  dredging  a  bar  in  the  open 
Mississippi,  it  occurred  to  the  writer  that  placing  the  discharge 
1  000  ft.  away  from  the  dredge  was  rather  excessive.  The  experience 
at  Ford's  Crossing  gave  every  indication  that  if  the  discharge  had 
been  placed  300  ft.  away  from  the  channel  the  distance  would  have 
been  ample. 

The  sand  on  the  bar  at  Ford's  Crossing  runs  very  much  more  freely 
than  anything  found  at  the  mouth  of  Old  River,  owing  to  the  larger 
grains  composing  the  former. 

It  can  be  readily  understood  that  the  bars  in  the  upper  Mississippi 
are  composed  of  a  material  that  is  subject  to  greater  movement  than 
that  composing  the  bars  in  the  lower  Mississippi.  The  writer  does 
not  wish  to  be  considered  as  implying  that  the  discharge  distance 
of  1  000  ft.  has  been  adopted  without  careful  tests,  or  merely  because 
these  dredges  were  fitted  with  this  amount  of  discharge  pipe. 

The  writer  has  seen  no  published  results  of  tests  to  determine  the 
practicability  or  economy  of  a  shorter  discharge  distance  than  1  000  ft. , 
and  mentions  this  with  a  view  of  bringing  forth  anything  that  may  be 
available  on  this  interesting  point. 

The  following  memoranda  may  be  of  interest  as  relating  to  the 
efficiency  of  the  several  parts  of  this  machine,  the  alterations  which 
have  been  made,  together  with  others  that  it  is  proposed  to  make  in 
order  to  place  the  dredge  in  thorough  condition  before  the  season  1899. 

The  cutter  head  has  jjroven  to  be  amply  strong  for  all  kinds  of 
work.  Many  piles,  sunken  saw  logs,  steamboat  wrecks,  heavy  oak 
checkposts  in  old  sunken  coal  barges  have  been  encountered  and  dis- 
posed of,  and  not  a  single  blade  on  the  cutter  head  has  been  broken. 
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The  cuttei-  head  could  be  designed  with  larger  oiseniugs  for  certain  Mr.  Woolley. 
classes  of  material,  which  would  increase  very  much  the  efficiency  of 
the  machine. 

For  the  various  classes  of  material,  from  stiff  clay  to  sand,  and  in- 
cluding all  kinds  of  debris,  the  present  design  of  cutter  head  is  well 
adapted. 

The  15-in.  Edwai'ds  pump  has  given  great  satisfaction,  is  compara- 
tively easy  of  repair,  has  worn  extremely  well  and  is  admirably  adapted 
to  this  kind  of  work. 

There  is  but  one  slight  objection  to  the  details  of  this  pump  :  For 
the  high  speed  required,  the  writer  has  found  need  for  larger  thrust 
bearings.  With  some  minor  alterations,  and  with  water-jets,  the  writer 
has  been  enabled  to  run  the  pumjj  at  260  revolutions  per  minute  for 
eleven  consecutive  hours,  with  a  vacuum  of  from  4  to  27  ins.,  without 
undue  heating. 

It  is  proposed  to  increase  the  bearing  area  of  the  thrust  rings  about 
50%  as  soon  as  it  becomes  necessary  to  put  in  new  rings. 

The  compound  engines  were  built  by  the  Bucyrus  Company  after 
their  own  pattern ;  high  pressure  cylinder  14^-in.  by  20-in. ,  low  press- 
ure cylinder  26-in.  by  20-in.,  placed  on  a  rigid,  hollow-girder  bed- 
frame. 

The  engines  are  driven  at  130  revolutions  per  minute,  and  develop 
under  ordinary  working  conditions,  with  100  lbs.  boiler  pressure, 
from  170  to  190  H.-P.  The  engine  and  pump  are  connected  by  belt; 
the  revolutions  of  pump  and  engines  having  a  ratio  of  2  to  1. 

The  first  season's  work  developed  the  fact  that  the  engine  shaft 
was  too  light  to  carry  the  heavy  driving  pulley  without  heating  its 
bearings,  the  shaft  becoming  flexible  when  running  wath  full  load  and 
thus  causing  great  vibration  throughout  the  boat. 

The  shaft  was  made  as  large  as  housing  could  accommodate,  the 
hollow  cast-iron  caps  forming  the  top  of  the  bearings  w^ere  tap^aed  and 
a  stream  of  cold  water  constantly  circulated  through  them.  No  further 
trouble  was  had  from  heated  bearings. 

The  present  wooden  hull  has  proven  entirely  too  small  for  the  con- 
venient manij)ulation  of  the  machinery,  and  it  is  proposed  to  replace 
it  with  one  of  steel.  The  new  steel  hull  will  be  25  ft.  longer,  will  con- 
tain ballast  tanks  on  either  side,  to  enable  a  greater  length  of  dis- 
charge pipe  to  be  susjiended  from  the  side  of  the  boat,  and  at  the 
same  time  to  allow  the  boat  to  work  on  an  even  keel,  without  the 
necessity  of  constantly  shifting  fuel  from  bunker  to  bunker  for  bal- 
last, as  is  now  done. 

The  ijropelling  engines  are  capable  of  driving  the  dredge  and  a 
tow,  consisting  of  a  large  fuel  barge,  with  fuel  for  an  entire  season's 
work,  as  well  as  all  jjontoons  and  other  necessary  equipment,  up- 
stream at  the  rate  of  6  miles  per  hour. 
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Mr.  Haupt.  L.  M.  Haupt,  M.  Am.  Soc.  C.  E. — This  valuable  paper  is  so  com- 
prehensive as  to  open  a  wide  field  to  discussion,  and  one  cannot  do  it 
justice  in  a  brief  contribution,  with  limited  time  at  command. 

There  are  several  points  to  which  attention  is  directed.  Before 
submitting  them,  however,  the  writer  would  remark,  en  passant, 
that  at  the  Annual  Convention  of  1892  he  called  attention  to  the 
fact  that,  unless  the  discharge  of  sediment  at  the  delta  was  equal 
to  or  greater  than  that  carried  into  the  bed  of  the  river  by  its  tribu- 
taries and  caving  banks,  the  bed  must  inevitably  rise.  This  proposi- 
tion appears  to  be  confirmed  by  the  physical  description  of  the  river, 
showing  a  diminution  in  slope  and  absence  of  bars  in  the  lower  reaches, 
the  coarser  gravels  being  deposited  higher  ujJ,  and  only  the  fine  mud 
being  carried  to  sea. 


Fig.  22. 

Under  the  subdivision  of  current  deflectors,  the  author  states  (page 
233):  "In  practice,  it  is  a  well-known  fact  that  a  barge  anchored  in 
shallow  water  will  very  soon  cause  the  sediment  to  deposit."     Etc. 

On  the  contrary,  it  was  found  during  the  building  of  the  St.  Louis 
Bridge  that  the  scows  placed  around  the  abutments  jiroduced  a  scour 
under  them. 

The  writer  also  observed  that  the  vessels  lying  alongside  the  bulk- 
head of  the  Atlantic  Refining  Company's  wharf  in  the  Schuylkill 
River,  Pa.,  where  the  currents  are  sluggish,  caused  a  well-defined 
hole  to  be  scoured  under  their  berths,  while  a  ridge  rising  from  11  to 
to  13  ft.  formed  outside  near  the  axis  of  the  stream.  The  low-water 
depths  along  the  bulkhead  exceed  20  ft.     Again,  the  writer  made  an 
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experiment  on  the  Five  Mile  Bar,  with   current  deflectors  hinged  to  Mr.  Haupt. 
piles  to  test  their  efficiency,  and  within  two  tides  the  depths  were  in- 
creased from  9  to  over  18  ft. ,  M.  L.  W. 

The  writer  is,  therefore,  at  a  loss  to  understand  the  local  or  other 
conditions  that  have  apparentlyjproduced  such  opposite  results  from 
current  action  due  to  vertical  deflection. 

The  description  of  the  canvas  curtains  is  akin  to  the  devices 
patented  by  the  writer  in  1886,  and  a  reference  to  Fig.  22  will  suffice 
to  show  the  idea. 

Again,  the  5th  class  was  clearly  anticipated  by  a  device  tried 
by  William  P.  Craighill,  Past-President,  Am.  Soc.  C.  E.,  on  the 
lower  Susquehanna  with  very  good  results.  It  consisted  of  two  or 
more  boats  or  rafts,  with  vertical  sheet  piling  suspended  between 
them,  to  be  used  in  trials  for  the  proper  location  of  a  more  perma- 
nent dike.* 

The  8th  class  is  also  anticipated  in  the  Brownlow  weeds,  so 
successfully  tried  on  the  Missouri  River  in  1878  for  the  purpose  of 
contracting  the  river  by  creating  artificial  bars  by  means  of  these 
permeable  dikes,!  which  proved  so  cheap  and  efi"ective,  as  compared 
with  the  revetments. 

The  following  extracts  J  may  serve  to  supplement  this  interesting 
digest  by  the  author,  as  it  describes  devices  to  which  no  reference  ap- 
pear to  be  made: 

''  Histori/  of  Vertical  Deflectors. — Probably  the  earliest  attempt  made 
to  apply  a  vertical  deflection  of  the  surface  velocity  upon  the  bottom 
was  patented  by  General  G.  T.  Beauregard  in  1853.  The  device  (Fig. 
23)  consisted  of  a  large,  rectangular  wooden  tube,  open  at  both  ends 
and  having  a  wooden  diaphragm  or 
inclined  plane  extending  from  the 
upper  edge  at  the  inner  end  to  near 
the  lower  edge  at  the  outer,  for  the 
I^urpose  of  reflecting  the  surface  cur- 
rent downward  to  act  upon  the  bar. 
'  The  excavator  is  to  be  anchored  at 
the  inner  edge  of  the  bar  by  weight- 
ing down  the  tojs. '  Thus  it  appears 
it  had  no  means  of  locomotion,  the 
anchorage  was   very   deficient,   there  Fig.  23. 

was  no  assurance  that  it  would  always  remain  '  right  side  up,'  nor  that 
it  would  not  be  submerged  by  the  scour  at  its  ends  and  sides.  It 
would  probably  soon  have  been  dashed  to  pieces,  capsized  or  buried. 
There  is  no  evidence  that  it  was  ever  tested. 

"In  1860  another  attempt  was  made,  by  Robert  Gamble,  Jr.,  to 
apply  this  principle  in  a  more  practical  device.     It  consisted  of  a 

*  Report  of  Chief  of  Engineers,  1867,  pp.  419-127. 

t  Reports  of  Chief  of  Engineers,  1878,  p.  654,  etc. 

X  These  quotations  are  taken  from  a  paper  by  the  writer  and  may  be  found  in  the 
Proceedings  of  the  Engineers"  Club  of  Philadelphia  (Vol.  vi,  1886-1888,  p.  73,  etc.),  but 
Figs.  23  to  27  are  added  and  there  are  also  some  other  slight  changes  to  make  the  matter 
more  complete. 
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Mr.  Haupt.  floating  barge  (Fig.  24),  having  a  false  bottom  hinged  near  the  up- 
stream edge  The  bottom  was  comiJosed  of  two  leaves,  the  lower 
being  kept  horizontal  as  it  was  pressed  down  by  four  sjjuds,  while  the 
upper  was  made  to  flare  tip  stream  to  deflect  the  current  under  the 
boat,  and  so  wash  out  the  bar  upon  which  it  had  grounded.  The 
action  in  this  case,  it  will  be  seen,  was  limited  and  temporary,  and  did 
not  differ,  in  kind,  from  that  of  an  ordinary  scow,  which,  being  an- 
chored over  a  shoal,  will  cause  the  removal  of  the  sand  under  it  for  a 
dejjth  nearly  equal  to  its  draught. 

"  A  third  device  was  that  proposed  by  J.  Grant,  a  Mississippi  River 
pilot,  in  1876,  who  tried  to  remove  bars  by  placing  a  barge,  having 
heavy  scantling  suspended  on  its  side,  athwart  the  current.  Attached 
to  the  bottom  of  the  scantling 

there   were   flaiing   shields,    31  g)|| 0 

ft.  wide,  extending  the  whole 
length  of  the  boat,  80  ft.,  by 
which  the  currents  near  the 
bottom  were  deflected  down- 
ward.    This  machine  was  placed 

near  the  upper  end  of  the  shoal  p,q  24 

to  be  removed,  and  the  aprons 

lowered  to  the  required  depth,  when  it  was  found  that  the  current 
was  forced  under  it  with  increased  velocity,  and  the  material  was 
quickly  excavated,  thus  allowing  the  barge  to  float  down  stream, 
guided  by  a  tug,  and  shearing  off"  the  top  of  the  bar  as  it  went. 
'  When  a  deepening  of  about  6  ins.  had  been  effected  over  the  whole 
area  required,  the  apron  was  lowered  still  deeper,  thus  shaving  off  the 
shoal  by  successive  ciits. '  By  this  means  a  deepening  of  about  2  ft.  was 
effected,  but  when  operations  ceased,  the  bar  reformed.*  This  serves 
merely  to  demonstrate  the  correctness  of  the  principle  of  vertical  de- 
flection, for  in  this  instance  the  feeblest  currents  or  those  near  the 
bottom  were  the  ones  ai^plied,  and  that  only  for  a  very  limited  depth. 
There  was  the  fatal  defect  of  not  providing  for  a  permanent  change  of 
regimen  at  that  section,  for 
no  mere  change  of  mould 
without  a  corresponding 
change  in  velocity  will  pro- 
duce a  permanent  channel. ' '  ^ 

In  1880  Taylor  patented 
an    intricate    device    of 
Aveighted  triangular  box,  a 

floating  barge  with  movable  truck,  a  submerged  jjilot  wheel,  an  articu- 
lated brace  or  leg,  and  other  complicated  parts. 

Koon's  device,  of  1883,  consisted  of  a  series  of  deflecting  plates 
set  in  a  box,  or  frame,  having  legs  which  rested  upon  the  bar,  but  the 
writer  has  never  seen  any  record  of  a  trial  having  been  made. 

"  Economy  of  Current  Deflectors. — As  to  the  economy  of  this  method 
of  dredging  as  compared  with  the  mechanical  devices,  reference  is 
made  to  a  crude  and  limited  construction  (Fig.  25)  used  on  the 
Garonne  in  France;  whore,  notwithstanding  its  imperfections,  it  was 
found  quite  efficient.  The  account  says :  '  An  economical  manner  of 
removing  the  materials  of  the  bed  of  a  river  consists  in  the  application 

*The  Mississippi  Jetties.    Corthell,  p.  216. 
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of  movable  dams  attached  to  a  boat.  Tliese  dams  oflfer  a  resistance  to  Mr. 
the  flow  of  the  water,  and,  according  to  the  greater  or  less  depression 
given  to  them,  they  either  divert  the  whole  effort  of  the  stream  against 
any  particular  object,  or  by  simply  contracting  the  water-way  they 
aiigment  its  velocity,  especially  at  the  bottom.  Wherever  applicable 
this  system  has  been  found  to  diminish  the  expense  by  about  nine- 
tenths.  ' 

"  '  The  machine  which  was  employed  on  the  Garonne  removed  about 
sixty  yards  of  sand  and  clay  per  day,  at  an  expense  of  about  2jd.  (5 
cents)  per  cubic  yard. ' 

"(Extract  from  the  'Aide  Memoire,'' 
Vol.  3,  p.   273). 

"It  apjjears  that  this  dam  was  a  kind 
of  vertical  screen  attached  to  the  uji- 
stream  end  of  a  scow  to  contract  the 
"waterway." 

The  "Kingston"  deflectors  (Fig.  26)  as  Fig.  26. 

applied  on  the  Hooghly  River,  India,  cut  from  6  ins.  to  2  ft.  through 
a  bar  300  ft.  long  in  two  hours  at  low  water.* 

The  experience  of  the  writer  inclines  him  to  the  belief  that  current 
deflectors  are  very  effective  auxiliaries  to  channel  im^jrovements,  but 
they  should  be  accompanied  by  permanent  regulating  works  to  main- 
tain the  benefits  which  they  produce  and  augment.  Fig.  27  shows  a 
current  deflector  designed  by  the  writer  some  years  ago. 

Under  the  subdivision  of  water  jets,  etc.,  the  writer  is  impressed 
with  the  failure  to  refer  to  the  pioneer  and  basic  patent  for  the 
system  of  removing 
spoils  from  the  bed  of 
a  river  or  bay  by  means 
of  rotary  cutters  with 
inward  delivery,  centri- 
fugal pumps  and  flexi- 
ble distributing  pipes, 
as  issued  to  Mr.  A.  B. 
Bowers,   C.  E.,   of   San 


Haupt. 


Francisco, 
has  been 
extensivelv 


and  which 
applied  so 
in    various 


Fig.  27. 


modified  forms  on  rivers 
and  harboi's,  to  the  great  benefit  of  commerce.  The  claims  of  the 
patentee  have  been  uniformly  sustained  by  the  United  States  courts, 
and  the  inventor's  time  is  consumed  in  efforts  to  protect  his  interests, 
the  history  of  which  reads  like  a  romance.  Active  opposition  to  an  in- 
vention is,  however,  the  best  evidence  of  its  merit.  These  dredges 
were  used  at  St.  Louis,  on  the  Mississippi;  on  the  Chicago  drainage 
canal;  at  Seattle,  Tacoma,  Alameda  Bay  and,  in  modified  forms,  on  the 
Atlantic  and  Gulf  coasts,  with  great  effect. 

*  For  details  and  drawings  see  Scientific  American.  November  24,  1888.  p.  32ti. 
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Mr.  Haupt.  Under  Section  7  the  atithor  says :  ' '  The  removal  of  bars  by  means  of 
blasting  has  been  tried,  with  unsatisfactory  results."  If  this  statement 
is  understood  as  being  limited  to  the  experience  on  the  sand  bars  of  the 
Mississippi  River  it  may  doubtless  be  correct,  otherwise  it  is  open  to 
criticism,  since  other  instances  of  the  successful  removal  of  bars 
may  be  cited,  one  of  the  most  conspicuous  being  that  of  the  Brunswick 
Bar,  Georgia,  where  the  depth  was  increased  from  17  to  24  ft.  by  the 
explosion  of  dynamite  aided  for  the  last  foot  or  more  by  devices  for 
smoothing  the  bottom,  and  the  results  appear  to  be  fairly  permanent, 
while  the  cost  was  a  mere  fraction  of  that  which  would  have  been  re- 
quired had  jetties  been  built. 

This  excellent  paper  is,  however,  too  extensive  to  be  discussed  in 
detail,  and  the  writer  believes  that  the  temporary  improvement  of  the 
Mississippi,  at  low-water  stages,  by  dredging  is  doubtless  the  most 
expedient  method  of  maintaining  a  navigable  channel,  especially  with 
the  hydraulic  dredges  which  have  been  so  well  developed  under  the 
Commission.  The  cajsacity  of  these  dredges  reached,  in  one  case,  2  553 
cu.  yds.  per  hour,  an  achievement  which  would  have  been  regarded  as 
Utopian  but  a  few  years  ago,  when  the  average  was  1  000  cu.  yds.  per  day. 

The  adoption  of  the  dredging  system,  for  the  improvement  of  the 
river,  marks  a  radical  departure  from  that  used  in  the  earlier  stages  of 
its  development,  when  these  modern  facilities  were  not  available;  but, 
as  the  author  states,  the  making  of  each  cut  involves  a  special  problem, 
and  the  results  are  not  permanent,  but  must  be  repeated  at  each  low- 
water  stage.  That  this  may  be  done  economically  it  should  be  remem- 
bered that  a  lateral  displacement  of  material,  especially  if  placed  on 
the  down-stream  edge  of  the  cut,  when  it  is  not  parallel  with  the  axis 
of  the  current,  will  produce  the  best  results,  both  by  concentration  and 
reaction.  A  change  of  form  in  the  wetted  perimeter  without  an  in- 
crease in  the  area  of  the  section  is  what  is  desired;  hence,  in  general,  a 
longitudinal  movement  of  material,  unless  it  be  intended  to  produce 
uniformity  of  section  and  flow,  would  prove  injurious. 

In  conclusion  the  writer  submits  another  brief  extract  from  his 
paper  on  the  improvement  of  rivers  by  regulation  works.* 

"With  reference  to  the  improvement  of  the  Mississippi  River,  the 
jalan  of  the  Commission  as  stated  by  Mr.  Jas.  B.  Eads,  C.  E. ,  was  to 
rectify  '  the  high-water  channel  by  the  ultimate  narrowing  of  the  wide 
places  as  the  only  method  by  which  a  deep  aod  uniform  low-water 
channel  can  be  permanently  secured.'  '  A  uniform  current  will  result; 
the  caving  of  the  banks  will  be  i^ractically  arrested,  and  the  sooner 
these  wide  places  are  corrected,  the  less  will  the  improvement  of  the 
river  cost.'f 

"  In  a  stream,  the  improvement  of  which  may  cost  over  $100  000  000, 
it  is  of  great  importance  that  the  most  economical  and  permanently 
effective  devices  be  used.  ^_^ 

*  For  further  data  see  also  article  on  Dredging,  in  Johnson's  Encyclopaedia  by  L. 
M.  Haupt. 

t  N.  B.— The  policy  of  the  Commission  having  changed,  Captain  Eads  withdrew. 
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"It  is  evident  that  tlie  velocity  of  a  stream  is  aflfectecl  by  the  amount  Mr.  Haupt. 
or  quantity  of  water,  and  the  area  of  its  section.     If  the  latter  be  made 
larger  for  a  given  quantity,  the  velocity  will  be  reduced;  if  smaller,  in- 
creased:  or,    if  the   qiiantity  passing   a   given  area   be   increased    or 
diminished,  the  velocity  must  vary  in  the  same  ratio. 

"It  is  also  a^jparent  from  the  preceding  quotations  that  in  the 
opinion  of  the  most  experienced  hydraulic  engineers,  the  only  forces 
that  can  be  apjilied  with  success  to  secure  j^ermanent  improvements 
are  those  of  tidal  and  river  currents.  Hence  that  system  which  most 
readily  controls  and  regulates  the  currents  will  give  the  best  perma- 
nent results  in  curbing  the  stream." 

A.  W.  Robinson,  M.  Am.  Soc.  C.  E. — This  jjaper  is  valuable  and  Mr.  kobinson. 
timely  as  a  historical  record  of  a  most  remarkable  work.  The  author's 
familiarity  with  the  Mississippi  has  enabled  him  to  describe  the 
peculiar  conditions  which  there  exist,  and  to  make  clear  the  reasons 
and  considerations  which  have  governed  the  development  of  a  unique 
system  of  dredging.  In  the  low-water  season  on  the  Mississippi  events 
follow  one  another  rajjidly.  A  di-edge  that  can  make  an  available 
channel  across  a  newly  developed  shoal  in  a  few  hours  and  permit 
navigation  to  be  resumed  can  fairly  be  called  a  unique  production. 

The  author  has  described  the  first  efforts  made  in  this  direction  and 
the  rapid  development  of  a  distinctive  type  of  dredge  from  the  Alpha, 
of  1892,  to  the  machines  now  being  built.  Four  of  the  dredges  de- 
scribed in  the  paper  were  built  by  the  Bucyrus  Steam  Shovel  and 
Dredge  Co.,  namely,  the  Ram  and  the  Gamma,  both  from  the  writer's 
designs,  and  Nos.  3  and  4,  as  described  on  page  293,  from  Major  Hand- 
bury 's  designs. 

In  the  construction  of  the  earlier  dredges  there  was  some  difference 
of  opinion  as  to  the  relative  value  of  different  features.  The  committee 
having  the  matter  in  charge  determined  to  construct  different  dredges 
to  test  the  most  promising  designs.  For  instance:  It  was  thought  by 
some  that  mechanical  agitators  were  indispensable  for  efficient  work, 
and  the  good  work  done  elsewhere  with  rotary  cutters,  etc.,  was  cited; 
on  the  other  hand,  there  were  those  who  contended  (the  late  Colonel 
Henry  Flad  and  the  writer,  among  the  number)  that,  while  mechanical 
agitators  were  useful  and  even  indispensable  under  certain  conditions, 
they  were  unnecessary  in  the  free,  alluvial  sand  of  the  Mississippi  Rivei*. 
Experience  has  proved  that  the  cutter  appliances  only  add  complica- 
tion and  liability  to  delay,  and  that  better  results  are  obtained  with 
water-jets,  or  in  fact  with  no  agitation  at  all.  It  is  only  necessary  to 
bring  the  mouth  of  a  suction  pipe  into  proximity  with  the  sand,  and  to 
feed  it  regularly,  in  order  to  obtain  all  the  sand  that  the  jjipe  is  capable 
of  carrying.  If  the  open  end  of  a  plain  suction  pipe  is  fed  into  a  bank 
of  free  sand,  it  is  always  i)08sible  to  choke  it  by  taking  more  sand  than 
the  water  will  carry.  Obsei-vation  of  the  early  work  of  these  dredges 
shows  that  there  was  no  diflflculty  in  getting  sand  into  the  pipe  in  any 
quantity,  and  that  the  main  thing  was  to  jiut  it  through  in  large  quanti- 
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Mr.  Robinson,  ties  without  choking  and  "without  sinking  the  pipe.  This  qiiestion  of 
mechanical  cutters  ?7ers»s  water-jets  is,  therefore,  one  which  should  be 
determined  entirely  by  the  conditions  to  be  met  and  the  kind  of  material 
to  be  dredged.  In  free  sand  neither  are  necessary.  In  sandy  alluvium, 
soft  mud,  or  stratified  deposits  easily  separated,  the  water-jets  will  be 
sufficient  to  break  up  the  bank  so  that  it  will  oflfer  no  resistance  to  pump- 
ing. In  harder  material,  requii'ing  cutting  and  disintegration,  mechan- 
ical force  must  be  applied  as  well  as  hydraulic  force.  These  and  other 
questions  have  been  settled  by  the  experience  gained,  and  while  all  the 
dredges,  as  a  series,  are  remarkably  successful,  the  later  ones  are  nat- 
urally more  perfect  and  efficient. 

The  first  floating  discharge  pipes  made  had  insufficient  buoyancy. 
It  was  thought  that  more  than  25%"  of  sand  never  could  be  carried  in 
so  large  a  pipe,  but  later  it  was  found  necessary  to  jirovide  a  margin  of 
buoyancy  even  with  the  pipe  solidly  iull  of  sand,  a  condition  which 
sometimes  occurred.  Owing  to  the  great  size  and  weight  of  these  dis- 
charge pijDes,  the  general  practice  has  been  to  carry  them  partially  sub- 
merged. This  caused  some  inconvenience  in  fitting  on  the  rubber  con- 
necting sleeves,  but  made  it  possible  to  use  smaller  i^ontoons.  In  the 
pontoons  of  the  Gamma  each  section  consisted  of  four  cylindrical  joipes 
clamped  to  one  length  of  discharge  pipe  50  ft.  long.  Four  clamp  frames 
on  each  length  served  to  bind  the  whole  rigidly  together  into  one  pon- 
toon, without  using  any  riveted  fastenings  or  making  any  holes  in  the 
floats.  This  construction  gives  great  stability  against  overturning, 
and  also  admits  of  turning,  removing,  getting  at  or  replacing  any  of  the 
floats,  without  difficulty.  It  is  also  cheap  and  easy  of  shipment.  The 
side-floats  of  the  Gamnut  were  made  a  little  smaller  in  diameter  than  the 
main  central  jjipe.  Experience  showed  that  it  would  have  been  better 
to  i3rovide  more  buoyancy  by  making  the  side  pipes  at  least  of  the  same 
diameter  as  the  main  discharge  pijje. 

The  pontoons  of  the  Beta  were  rounded  on  the  bottom,  with  the  ob- 
ject of  diminishing  the  resistance  to  the  current  when  the  pipe-line  is 
deflected  or  lying  across  the  current.  They  were,  however,  deficient  in 
stability  and  were  liable  to  cai^size.  In  dredges  Nos.  3  and  4,  Major 
Handbury  has  treated  the  pipe-line  question  in  an  entirely  different 
manner.  Instead  of  a  floating  pipe  1  000  ft.  long,  deflected  across  the 
current  and  subject  to  its  resistance,  he  proposes  to  use  a  pipe  500  ft. 
long,  and  carry  it  straight  out  laterally,  at  right  angles  to  the  current  if 
necessary.  This  is  accomplislifnl  by  mounting  the  pipe  on  a  series  of 
boat-shaped  pontoons  ^vith  swivel  siipports  on  each.  The  pontoons  are 
sharp  at  bow  and  stern,  are  each  provided  with  a  rudder,  and  can  be  so 
steered  and  set  that  they  will  carry  the  pipe  out,  at  any  desired  angle 
from  the  dredge,  in  a  rapid  current,  Avithout  any  deflecting  lines  or 
anchorage  whatever. 

The  enormous  output  made  as  a  test  record  by  the  Beta,  in  spite  of 
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many  and  serious  mechanical  defects,  is  a  proof  of  what  sand  and  water  Mr.  Robinson, 
will  do  when  lironght  within  the  range  of  the  suction  of  2  400  H.-P. 
The  cutter  appliances  of  the  Beta,  consisting  of  six  vertical  cylindrical 
steel  cutters  6  ft.  x  6  ft.,  ojoerated  by  26  bevel  and  other  gears,  contri- 
buted in  nowise  to  the  result,  except  possibly  as  a  strainer  to  admit 
Avater  and  thus  jji-event  choking,  for  only  the  extreme  lower  end  of  the 
cutters  ever  came  in  contact  with  the  sand. 

As  a  result  of  the  exjjerience  gained  the  entire  cutter  system  of  the 
Betd  has  been  discarded,  and  also  the  auxiliary  engines  and  winding 
gear,  and  the  dredge  fitted  with  a  water-jet  suction  and  anchor  winches, 
practically  on  the  design  of  those  used  on  ihc  (ramma. 

In  the  matter  of  boilers  for  these  dredges  there  is  some  difference  of 
ojjinion.  Three  of  the  dredges  are  fitted  with  Heine  water-tube  boilers, 
and  the  remainder  with  externally  fired,  cylindrical,  return-flue  boilers, 
set  in  brick-lined  casings- -otherwise  known  as  "Mississippi  River" 
tyije.  The  Ram  has  cylindrical,  internally  fired,  tubular  boilers.  The 
old  river  type  of  boiler  has  remained  unchanged  for  many  years,  and 
steamboat  men  have  become  so  accustomed  to  it  that  its  use  is  second 
nature  to  them,  and  they  naturally  regard  the  modern  mechanical 
refinement  of  a  water-tube  boiler  with  suspicion  and  distrust.  The 
old-fashioned  })oiler  answers  the  purpose  well  enough  Avith  unskilled 
labor  and  in  muddy  Avater,  and  for  these  two  reasons,  as  well  as  for  the 
fact  that  it  is  cheaper  in  first  cost,  it  has  the  advantage. 

The  result  of  the  experience  gained  Avith  the  six  jjreA'ious  dredges 
may  be  expected  to  l)e  found  embodied  in  the  latest  dredge  Avhich  is 
now  to  be  built  for  the  Mississipjii  EiAer  Commission. 

The  Beta,  Delta  and  Gamma  Avere  ordered  by  the  Mississippi  RiAer 
Commission  fi-om  Lindon  W.  Bates,  the  New  York  Dredging  Company 
and  the  Bucyrus  Steam  ShoA'el  and  Dredge  Co.,  respectively,  for  the 
express  jjurpose  of  demonstrating  Avhatever  merit  there  may  have  been 
in  the  thi-ee  designs.  The  commercial  results  shown  by  the  tests  of 
these  three  dredges  may  l)e  indicated  briefly  by  the  folloAving  figures 
taken  fi-om  the  paper  : 


1 

1 
1 

Operating 

expenses  per 

day. 

Test  Output. 

Dredge.                  Fii-.st  cost. 

Average 

cubic  yards 

per  hour. 

Cubic  yards 

per  horse-power 

per  hour. 

Beta .$218  162 

Delta 1             134  940 

Gamma 85  530 

$221. H8 
111.71) 
100.51 

4  920 
1  829 
1523 

2.00 
1.62 
3.28 

The  Mississippi  RiA'er  Commission  is  now  in  possession  of  many 
data  and  results  of  practical  Avork,  and  the  dredge  recently  called  for  in 
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Mr.  Robinson,  the  specifications  issued  June  21st,  1898,  may  be  assumed  to  be  based 
on  careful  study  of  the  performance  of  those  already  in  service. 
The  following  points  are  noted  in  these  specifications  : 

(1)  Boilers  of  the  river  steamboat  type  are  retained. 

(2)  The  main  pumps  and  engines  are  of  the  Gamma  type,  improved 
in  detail. 

(3)  The  feeding  and  hauling  winches  are  practically  of  the  (ramma 
type. 

(4)  The  dredge  is  to  be  self-propelling. 

(5)  The  discharge  jaipe  is  to  be  .500  ft.  long,  and  carried  on  top  of 
pontoons  instead  of  being  partially  submerged. 

The  results  of  the  comparative  tests  that  were  made,  as  given  in  the 
paper,  cannot  fail  to  be  of  interest.  Such  tests  could  only  be  made  by 
the  Government,  as  they  involved  expense  that  no  contractor  or  private 
corporation  would  care  to  incur.  While,  in  the  main,  the  tests  ajjpear 
to  be  reliable  and  accurate,  some  of  the  statements  are  open  to  ques- 
tion :  For  instance,  on  page  285,  in  the  tests  of  the  Epsilon,  and  in  the 
third  and  seventh  tests  the  efiiciency  is  given  as  83.6  and  91.8%, 
respectively.  As  this  efiiciency  is  the  percentage  of  the  foot-pounds 
of  work  done  by  the  pump  to  the  foot-pounds  of  work  rej^resented  by 
the  indicator  diagrams  of  the  engine,  it  represents  the  combined  effi- 
ciency of  both  pump  and  engine.  The  power  consumed  in  internal 
friction  of  the  engines  is  not  given,  but,  assuming  it  to  be  10%,  this 
would  make  the  net  efiiciency  of  the  pumio  92.9  and  102%,  for  the 
tests  in  question.  Needless  to  say,  siicli  a  resiilt  is  impossible.  Some- 
thing api^ears  to  be  wrong  in  the  velocity  of  discharge.  In  Test  No. 
6,  with  738.3  I.  H.-P.,  the  velocity  is  16.6  ft.  per  second,  and  in  Test 
No.  7,  with  717.1  I.  H.-P.,  the  velocity  is  18.3  ft.  There  is  not  sufii- 
cient  information  as  to  the  details  of  the  observations  to  enable  an 
intelligent  criticism  of  the  causes  of  these  discrepancies  to  be  made. 
Slight  errors  in  the  observations  or  instruments  and  changes  in 
conditions  might  cause  great  variation.  The  velocity  of  discharge 
appears  to  have  been  computed  on  the  assumption  that  the  entire  cross- 
section  of  the  pipe  was  moving,  whereas  this  may  or  may  not  have 
been  true. 
Mr.  Ockerson.  J.  A.  OcKEKSON,  M.  Am.  Soc.  C.  E. — The  author  is  highly  gratified 
with  the  scope  of  the  discussion  brought  out  by  the  paper.  The 
records  of  the  experiences  of  different  engineers  working  in  different 
fields  on  similar  problems  are  exceedingly  valuable  to  those  who  come 
after  them.  The  j^aper  has  at  least  served  a  good  jsurpose  in  bring- 
ing out  these  individual  expressions. 

In  reviewing  the  discussion  it  may  be  well  to  state  that  the  author 
did  not  intend  to  exhaust  the  subject  in  the  brief  space  of  a  single 
paper,  and  purposely  omitted  descriptions  of  many  channel  improve- 
ment  devices  that  have  come  to  his  notice.     It  may  also  be  well  to 
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state  that  he  aimed  to  limit  himself  to  devices   proposed  for,  or  used  Mr-  Ookerson. 
on,  the  Mississippi  River. 

With  these  explanations  Professor  Haupt  will  understand  why  the 
author  failed  to  "refer  to  the  pioneer  and  basic  patent,"  etc.,  and 
also  omitted  the  mention  of  many  devices,  several  of  which  have  been 
described  by  Professor  Haupt. 

As  a  further  illustration  of  the  silting  up  due  to  the  retarding  in- 
fluence caused  by  contact  with  the  bottoms  of  barges  and  boats,  it 
may  be  mentioned  that  where  large  fleets  of  plant  are  tied  to  the 
banks  for  considerable  periods  of  time  the  shoaling  frequently  be- 
comes so  serious  as  to  necessitate  their  removal  to  some  new  site. 

A  dredge  and  its  fuel  barge  left  in  the  dredged  cut  has  been 
known  to  fill  it  up  to  such  an  extent  as  to  obliterate  the  cut  in  a 
single  day. 

Mr.  Edward  Flad  in  his  discussion  disputes  a  statement  made  by 
the  writer  with  regard  to  the  results  obtained  with  jets  and  mechani- 
cal agitators. 

The  following  extracts  from  the  official  reports  may  throw  some 
further  light  on  the  question.     The  engineer  officer  in  charge  says: 

"The  Zeta  difi"ers  from  the  Epsilon  in  the  use  of  a  mechanical 
agitator  in  place  of  a  water-jet  agitator.  On  account  of  the  numerous 
break-downs  on  this  dredge,  which  did  not  amount  to  enough  to 
cause  a  rejection,  but  did  indicate  her  inferiority  as  a  working  ma- 
chine, it  was  finally  determined  to  add  a  water-jet  agitator,  and  the 
necessary  machinery  for  the  same  has  been  ordered." 

The  mechanical  engineer  under  whose  supervision  the  dredges 
were  built,  says: 

"The  dredge  Ze('t  which  was  fitted  with  a  mechanical  agitator,  did 
not  pass  the  ordeal  of  testing  so  satisfactorily.  *  *  *  The  record 
of  these  tests  is  a  record  of  stopjjages  to  put  in  new  shearing  pins. 
*  *  *  The  performance  of  this  agitator  was  considered  so  unsatis- 
factory that  it  was  deemed  inexpedient  to  take  the  field  relying  solely 
upon  its  help  to  loosen  material  for  the  pump.  *  *  *  The  results 
of  the  tests  of  the  Zefn  (which  is  a  duplicate  of  the  Epsilon  with  the 
exception  of  the  agitators)  show  a  decided  diminution  in  the  quantity 
of  sand  delivered,  which  may  be  accounted  for  by  the  difference  in 
the  efficiency  of  the  agitators;  the  average  of  five  tests  with  the  Zeta 
being  1  364  cu.  yds.,  and  of  the  Epsilon  2  553  cu.  yds.,  of  sand  per 
hour." 

The  superintendent  of  dredges,  under  whose  personal  supervision 
all  the  tests  were  made,  says: 

"It  was  found,  while  making  the  tests  with  the  Epsilon,  that  the 
best  capacity  test  was  obtained  when  pulling  ahead  at  the  rate  of 
about  9  ft.  per  minute.  When  the  test  of  the  Zeta  Avas  commenced  it 
was  found  impossible  to  pull  the  dredge  ahead  at  that  rate,  owing  to 
constant  breaking  of  agitator  shearing  pins.  It  was  therefore  neces- 
sary to  reduce  the  speed  of  advance  down  to  less  than  two-thirds  of 
that  of  the  Epsilon,  in  order  to  have  the  shearing  pins  last  long- 
enough  to  make  the  barge  test.  *  *  *  It  was  not  thought  advis- 
able  to  increase   the  size   of  these  pins  beyond  !«  ins.,  as  it  might 
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Mr.  Ockerson.  break  either  the  bell-crank  or  some  other  part  of  the  machinery  which 
was  becoming  badly  racked.  *  *  *  It  was  therefore  decided  to 
purchase  a  jet  pump  and  place  it  on  board  in  connection  with  this 
agitator  for  use  in  the  field,  as  the  capacity  of  the  dredge  was  ciit 
down  nearly  one-half,  owing  to  the  mechanical  cutter." 

The  above  reports  were  written  before  the  dredges  had  been  used 
in  actual  channel  dredging.  Since  then,  they  have  seen  some  three 
months'  service  in  actual  work,  which  has  verified  the  above  con- 
clusions as  to  the  mechanical  agitator. 

Mr.  Flad  also  states  that  the  writer  is  mistaken  in  saying  of  the 
agitator,  "  It  will  therefore  be  taken  oiit,  and  jets  will  be  put  in. "  Jets 
have  been  put  in,  and  the  mechanical  agitator  has  been  taken  out  and 
is  now  lying  on  the  "plunder  barge."  This,  however,  was  not  done 
until  it  was  tried  in  average  river  sand  under  ordinary  working  con- 
ditions and  found  to  be  deficient  as  an  agitator. 

With  this  slight  excei3tion,  the  dredges  Epsllon  and  Zeta  have 
proven  in  actual  work  to  be  excellent  dredging  machines. 

Mr.  Kobinson's  discussion  is  of  sj)ecial  interest  owing  to  his 
wide  experience  as  a  designer  and  builder  of  dredges.  He  seems 
to  question  the  reliability  of  some  results  of  the  tests  that  have 
been  described.  It  should  be  borne  in  mind  that  in  these  tests, 
the  dredges  are  put  to  their  best  paces  for  a  short  interval  of  time, 
and  therefore  may  be  expected  to  develop  an  uuiisual  degree  of 
efficiency. 

There  is  one  feature  of  the  tests  as  recorded  in  the  tabulations 
which  should  be  explained.  The  test  barge  is  1  000  ft.  away  from  the 
pump  when  the  tests  are  made.  The  indicator  cards,  revolutions  of 
pump  and  other  items  pertaining  to  the  mechanical  performance  of 
the  dredge,  used  in  deducing  the  results  are  determined  at  the  time 
when  the  valve  in  the  barge  is  open.  The  distance  between  the  two 
being  so  great,  and  the  time  interval  so  short,  the  conditions  noted  at 
the  dredge  may  not  reach  the  barge  until  after  the  valve  is  closed. 
As  the  material  is  continually  changing  in  both  character  and  quan- 
tity this  may  account  for  some  of  the  apparent  discrej)ancies.  The 
reason  the  observations  at  the  dredge  and  at  the  test  barge  are  not 
made  so  as  to  cover  the  same  conditions  is  because  the  oi^erators  at 
the  dredge  are  not  permitted  to  know  when  the  valve  in  the  barge  is 
to  be  opened.  In  this  way  the  natural  disposition  to  have  the  pipes 
filled  to  their  limit  with  sand,  just  as  the  test  is  made,  is  in  a 
measure  obviated. 

It  must  not  be  supposed,  however,  that  equal  indicated  horse- 
power will  give  equal  velocity  of  discharge,  as  it  is  no  uncommon 
thing  for  the  suction  head  to  change  bQ%  in  a  brief  interval  of  time. 
This  is  due  to  the  variations  in  the  character  of  material,  which  at 
times  does  not  readily  enter  the  suction.  Considerable  power  is  there- 
fore used  up  at  the  suction  side  of  the  pumj}. 
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Mr.  Eobinson  savs:  Mr.  Ockerson. 

"Something  appears  to  be  wrong  in  tlie  velocitv  of  discharge.  In 
Test  No.  6,  with  738.3  I.  H.-P.,  the  velocitv  is  16. 6*^  ft.  per  second,  and 
in  Test  No.  7,  with  717.1  I.  H.-P.,  the  velocity  is  18.3  ft." 

He  failed  to  note  that  in  the  first  case  the  suction  head  was  17.0  ft. 
and  in  the  second  case  14.7  ft.,  while  the  delivery  head  remained  the 
same  in  the  two  cases. 

The  velocity  of  discharge  is  "  computed  on  the  assumption  that 
the  entire  cross-section  of  the  "  discharge  pipe  flows  full  during  the 
test. 

The  total  volume  found  in  the  test  barge  divided  by  the  number  of 
seconds  occupied  in  filling  the  barge,  gives  the  volume  per  second. 
This  volume,  divided  by  the  area  of  the  discharge  pipe,  gives  the 
velocity  of  flow  per  second.  With  the  pump  running  uniformly  at  the 
normal  speed,  and  with  the  high  velocity  of  discharge  attained,  it  does 
not  seem  probable  that  the  section  of  the  pipe  is  materially  reduced 
by  a  deposit  of  sand  at  rest  on  the  bottom. 

Under  abnormal  conditions,  such  as  running  the  pump  at  a  very 
high  speed  so  as  to  cause  a  slip,  there  would  be  a  very  low  discharge 
velocity.  This  would  very  seldom  happen  with  the  large  sized  pumps 
in  use. 

The  observations  of  all  kinds,  recorded  during  the  tests,  were  made 
with  great  care  and  are  believed  to  be  reliable  as  far  as  they  go.  If 
there  are  discrepancies  in  the  results  that  cannot  be  explained,  it 
should  be  remembered  that,  in  dealing  with  steam  and  water,  the 
laws  governing  their  expansion  and  flow  have  not  as  yet  been  fully  and 
satisfactorily  defined. 

Mr.  Mitchell  says: 

"  Occasionally  a  dredge-cut,  without  other  work  to  maintain  it,  may 
deepen  and  improve,  and  become  the  permanent  channel  for  that  low- 
water  season,  but  more  often  it  will  require  a  repetition  of  the  work  of 
the  dredge,"  etc. 

This  is  contrary  to  the  experience  on  the  lower  river.  The  cases 
where  dredging  has  to  be  repeated  during  the  same  low-water  season 
have  thus  far  been  exceptional.  When  there  are  considerable  oscilla- 
tions of  stage,  the  cuts  sometimes  fill. 

During  the  jiresent  low-water  season  there  have  been  several 
oscillations  ranging  from  2  to  10  ft.  or  more.  In  one  case  a  cut  tha^ 
had  been  completed  was  found  to  be  filled  up  by  the  rise  in  the  river, 
and  preparations  were  made  to  open  it  again  when  the  river  fell.  A 
survey  at  that  time  developed  the  fact  that  the  material  which  had 
filled  loosely  into  the  cut  was  all  washed  out  again. 

The  work  of  the  present  season  coincides  with  the  experience 
of  previous  work,  to  the  eflect  that  a  cut  once  well  opened  will 
generally  remain  in  good  condition  during  the  low-water  season,  and, 
jjerhaps,  even  longer.     The  exceptions  are  probably  due   to   faulty 
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Mr.  Ockerson.  locations,  or  uniisual  clianges  in  the  local  regimen  or  in  tlie  stage  of 
the  river. 

The  use  of  pontoons  for  sustaining  the  discharge  pipes  has  some  ad- 
vantages over  the  floating  discharge  pipes,  the  chief  of  which  is  to 
be  found  in  the  facility  with  which  the  successive  lengths  can  be 
coupled,  as  the  pipe  lies  entirely  above  water.  It  can,  perhaps,  also 
be  deflected  more  readily  than  the  floating  pipe  line.  In  practice 
there  has  been  very  little  trouble  with  the  latter.  As  far  as  simplicity 
and  facility  of  handling  in  towing  are  concerned,  the  floating  pipes 
seem  to  be  better  than  the  pontoons. 

Mr.  Woolley's  description  of  the  work  done  at  the  mouth  of  the 
Red  River  is  a  very  interesting  account  of  a  successful  piece  of 
hydraulic  dredging. 

In  regard  to  the  length  of  discharge  pipe  necessary  on  the  bars  of 
the  Mississipjji  River,  Mr.  Woolley  questions  the  necessity  for  using 
a  discharge  1  000  ft.  long.  There  are  many  cases  where  a  length  of 
500  ft.,  or  even  less,  is  ample,  and  in  such  cases  the  shorter  lengths 
are  very  generally  used.  There  are  also  cases  where  lengths  of  1  000 
ft.  are  essential.  The  results  of  tests  with  different  lengths  of  pipe 
will  be  found  in  the  tabulations  of  tests. 

It  has  apparently  been  a  matter  of  surprise  and  disappointment  to 
some  that  no  figures  have  been  given  as  to  the  amount  of  material 
moved  in  dredging,  and  as  to  the  cost  of  doing  the  work,  based  on  cost 
per  yard. 

Where  there  is  so  much  material  moving  from  natural  causes,  it  is 
impossible  to  arrive  at  anything  like  an  accurate  measurement  of  the 
amount  of  material  that  actually  passes  through  the  pumps  when 
dredging  in  the  channel. 

Objection  has  also  been  raised  to  the  method  used  in  determin- 
ing the  capacity  of  the  dredges,  as  the  time  involved  in  the  barge 
test  was  so  brief.  At  the  suggestion  of  the  writer,  tests  have 
been  made  recently  which  meet  the  last  objection.  They  were 
made  by  the  regular  crews  which  have  been  engaged  in  channel 
dredging,  and  as  nearly  under  the  normal  working  conditions  as 
practicable. 

In  making  these  tests  the  dredges  were  operated  in  a  "jjocket" 
behind  a  sand  bar  where  there  was  no  current  to  bring  in  or  carry 
away  material,  and  where-  the  sand  was  very  nearly  the  same  as 
channel  sand.  It  will  be  seen  that  these  tests  cover  ample  time  to 
give  good  working  results. 

Before  beginning  the  tests  the  site  to  be  dredged  was  cross- 
sectioned  with  great  care,  and  this  was  also  done  after  the  test  was 
completed.  This  gave  the  data  from  which  the  volume  handled 
by  the  pump  was  readily  computed.  The  results  obtained  are  as 
follows: 
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Dredge  Gamma.    Test  made  from  October  31st  to  November  3d,  1898 :  Mr.  Ockerson. 

Time  of  actual  dredging 45^  hours. 

Total  length  of  cut  made 4  566  ft. 

Average  depth  of  cuts 7. 1  " 

Average  advance  per  hour 100.3  " 

Cost  per  lineal  foot  of  cut )B0.0898 

Total  volume  moved 45  856  cu.  yds. 

Average  volume  moved  per  hour 1  008    "     " 

Cost  per  cubic  yard  $0.0089 

Average  steam  pressure 145.6  lbs. 

Average   number   of  revolutions  of   main   pump   per 

minute 150. 0 

Dredge  Delta.     Test  made  from  October  30th  to  November  3d,  1898 : 

Time  of  actual  dredging 27  hrs.  23  mins. 

Total  length  of  cut  made 2  711  ft. 

Average  depth  of  cut 6. 5  " 

Average  depth  of  suction 13.6  " 

Average  advance  per  hour 99. 0  ' ' 

Cost  per  lineal  foot  of  cut $0.0926 

Total  volume  moved 34  462  cu.  yds. 

Average  volume  moved  per  hour 1  255    "     " 

Cost  per  cubic  yard $0.0073 

Average  steam  pressure 151. 1  lbs. 

Average  number  of   revolutions   of   main    pump    per 

minute 140. 9 

In  both  of  the  above  tests  the  material  was  delivered  through  1  000 
ft.  of  discharge  pipe. 

The  cost  given  only  includes  the  cost  of  actual  dredging  time.  The 
Delta  began  the  tests  with  a  defective  cutter  shaft  which  caused  consider- 
able delay ;  an  unusual  amount  of  driftwood  was  encountered,  and  this 
also  caused  delay.  Including  all  these  delays,  together  with  time  used  in 
placing  plant,  changing  cuts,  etc. ,  the  cost  becomes  $0. 147  per  lineal  foot 
and  $0.0116  per  cubic  yard.  On  cuts  3  and  4  the  Delta  was  pulled  ahead 
at  the  rate  of  138.3  and  177.5  ft.  per  hour,  respectively,  or  as  fast  as  the 
material  could  be  carried  away  by  the  discharge  pipes.  The  capacity  per 
hour,  under  these  conditions,  was  found  to  be  2  550  cu.  yds. ,  which  may 
be  considered  as  very  near  the  maximum  under  favorable  working  con- 
ditions. 

Dredge  Zeta.    Tests  made  November  3d  to  6th,  1898. 

The  chief  object  of  this  test  was  to  ascertain  the  facility  with  which  a 
dredge  with  water-jet  agitators  could  be  operated  through  a  sandbar,  a 
portion  of  which  extended  above  water.  Otherwise  the  conditions  were 
essentially  the  same  as  those  noted  in  connection  with  the  other  dredges, 
except  that  the  suction  extended  into  mud  which  clogged  the  opening 
and  developed  a  high  suction  head  with  an  abnormally  low  discharge. 
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Mr.  Ockerson.  The  dredge  readily  cut  her  way  into  a  dry  bar  for  a  distance  of 
550  ft.  and  an  average  width  of  about  200  ft.  The  suction  was  lowered 
to  a  depth  of  17  ft.  below  the  water  surface,  and  the  bar  extended 
about  4  ft.  above  the  water,  giving  a  working  face  of  about  21  ft. 
Cuts  1  and  2  were  made  with  500  ft.  of  discharge  pipe,  and  the  other 
four  cuts  with  350  ft.  of  pipe. 

The  results  may  be  summarized  as  follows : 

Total  time  of  actual  dredging 62  hrs.  55  mins. 

Total  length  of  cut  made 1  785  ft. 

Average  depth  of  cut  after  dredging 11  +  ft. 

Average  depth  of  suction  below  top  of  bar 20 . 6  ft. 

Average  advance  per  hour 31 . 1  ft. 

Average  cost  per  lineal  foot $0  307 

Total  volume  moved 35  287  cu.  yds. 

Average  volume  moved  per  hour 562  cu.  yds. 

Average  cost  per  cubic  yard ^0 .  015 

Average  steam  jjressure 147  lbs. 

Average  number  of  revolutions  of  main  pump    per 

minute 180 

This  test  must  not  be  confounded  with  tests  made  under  normal 
conditions,  and  the  volume  moved  per  hour  is  no  measure  of  the  capa- 
city of  the  dredge  under  such  conditions,  but  it  serves  a  good  purpose 
in  showing  what  the  dredge  will  do  under  the  extraordinary  conditions 
described.  The  small  volume  moved  per  hour  may  be  attributed  to  the 
presence  of  mud  in  considerable  quantities.  This  doubtless  served  to 
clog  the  suction  and  check  the  proper  flow  of  material  to  the  pump. 

These  tests,  covering,  as  they  do,  a  comparatively  long  period  of 
time,  give  results  which  may  be  accepted  as  a  fair  measure  of  the 
normal  working  capacity  of  the  dredges  Gamma  and  Delta.  The  capa- 
cities given  would  probably  be  exceeded  somewhat  when  working  in 
channel  sand,  as  the  material  is  easier  to  handle  than  the  finer  sand 
found  in  the  upper  bars. 

In  closing  this  discussion  it  might  be  well  to  state  that  the  results 
attained  during  the  low-water  season  of  1898  have  been  very  en- 
couraging for  dredging  as  a  means  of  temporarily  improving  the  low- 
water  navigation  of  the  river.  It  is  true  that  the  stage  of  the  river 
throughout  has  been  above  the  normal  low  water.  The  oscillations  in 
the  stage  have  been  frequent,  and  this  condition  is,  in  general,  detri- 
mental to  dredged  channels. 

Five  dredges  have  been  at  work  at  such  times  as  the  stage  was  low 
enough  to  enable  the  suctions  to  reach  the  bottom.  As  a  result  of  this 
dredging  it  can  be  said  that  in  every  case  where  dredging  was  done 
the  depth  was  increased  from  1  to  5  ft.  for  a  navigable  width  of  250 
feet  or  more. 
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WITH  DISCUSSION. 

The  immense  system  of  inland  navigation,  known  as  the  Great 
Lakes  of  the  St.  Lawrence  Basin,  possesses  many  features  in  common 
with  the  navigation  of  the  high  seas.  These  bodies  of  water  are  of 
great  magnitude.  The  vessels  which  sail  upon  them  rival  in  size  sea- 
going craft,  and  are  built  to  withstand  storms  which  approach  in  fury 
those  of  the  ocean  itself.  Light-houses  and  fog  signals  define  the 
position  of  dangerous  coasts,  and  breakwaters  are  required  to  protect 
the  open  roadsteads.  The  lake  ports  are  essentially  maritime  ports, 
and  the  connecting  channels   resemble  maritime  straits  and   canals 
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t  U.  S.  Assistant  Engineer. 
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more  than  they  do  ordinary  rivers.  The  commerce  of  the  lakes  has 
now  reached  a  magnitude  which  makes  a  respectable  comparison  with 
the  ocean  commerce  of  various  parts  of  the  world.  Several  of  the 
lake  ports  do  a  business  exceeded  by  but  few  seaports,  and  the  com- 
merce which  passes  the  Sault  Ste.  Marie  Canal  and  the  St.  Clair  and 
Detroit  rivers  surpasses  in  volume  that  of  the  world's  greatest  maritime 
canal.  Similarity  of  conditions  has  given  rise  to  similarity  of  prob- 
letns,  such  as  the  protection  of  ports,  the  deepening  of  harbors,  and 
the  enlargement  of  connecting  channels,  which  are  common  objects 
in  the  interests  of  navigation,  alike  on  the  lakes  and  on  the  ocean. 

There  are,  however,  two  important  physical  characteristics  which 
create  a  notable  diflference  between  the  conditions  of  ocean  and  lake 
navigation.  One  of  these  is  the  existence  of  diurnal  tides  on  the  ocean 
which  presents  problems  of  a  distinct  character  not  met  with  except  in 
tidal  waters.  The  other  belongs  to  the  lakes,  and  relates  to  their  condi- 
tion as  bodies  of  fresh  water  with  a  perennial  overflow.  This  character- 
istic not  only  gives  rise  to  problems  new  and  distinct  in  themselves,  but 
it  affords  new  solutions  for  old  problems  pertaining  to  maritime  navi- 
gation in  general.  It  is  to  a  consideration  of  this  particular  feature  of 
the  navigation  of  the  Great  Lakes  that  the  present  paper  is  devoted. 

Notwithstanding  the  vast  magnitude  of  these  lakes  and  their  re- 
semblance in  many  particulars  to  tidal  waters,  they  are,  after  all,  only 
parts  of  an  immense  river  system  which  drains  a  large  area  of  country. 
They  are  subject  to  the  variable  conditions  of  water  supply  character- 
istic of  all  streams.  The  connecting  channels  and  the  final  outlet 
carry  a  continuous  current,  always  in  one  direction,  unlike  maritime 
straits  and  canals  through  which  the  water  may  flow  in  either  direction 
depending  upon  the  state  of  the  tide  or  of  the  wind.  But  while  the 
lakes  and  their  connecting  channels  thus  constitute  a  great  river  sys- 
tem, that  system  differs  from  nearly  all  others  in  this  particular — that 
the  flow  in  the  outlets  is  practically  exemj^t  from  those  variations  and 
irregularities  which  obtain  upon  nearly  all  other  streams. 

The  explanation  of  this  most  important  characteristic  is  to  be 
found,  of  course,  in  the  controlling  action  of  these  lakes  as  great 
reservoirs  interposed  in  the  course  of  the  stream.  The  storage  rep- 
resented by  a  few  inches  rise  and  fall  in  the  lake  levels  is  enormous, 
and  when  withheld  during  the  flood  season  and  released  in  the  dry 
season,  it  gives  to  the  outlets  a  regimen  of  flow  which  is  radically  dif- 
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ferent  from  that  of  an  ordinary  river.  This  influence  is  not  annual 
merely,  but  cyclic  as  well,  and  a  series  of  what  may  be  called  wet  years 
causes  a  general  rise  of  mean  level,  the  storage  of  which  maintains  the 
flow  in  the  outlets  during  the  ensuing  years  of  less  than  average  pre- 
cipitation. The  balance  of  forces  which  Nature  has  here  produced  in 
the  course  of  long  ages  is  one  of  the  most  marvelous  features  of  these 
lakes;  and  a  careful  contemplation  of  it  cannot  fail  to  convince  one 
that  an  almost  perfect  compromise  has  been  reached  between  the 
conflicting  oscillations  of  lake  level  and  outlet  discharge.  It  is  dif- 
ficult to  see  how  either  could  be  brought  nearer  to  absolute  uniformity 
without  a  resulting  departure  in  the  other  which  would  more  than 
off'set  the  gain. 

Perfect  as  this  natural  condition  is,  however,  it  yet  does  not  satisfy 
the  ambition  of  those  who  make  commercial  use  of  it.  There  are  many 
who  consider  the  oscillation  in  lake  levels  as  an  evil  which  ought  not 
to  be  suffered  to  continue.  The  ship-owner,  who  loads  his  boat  to  the 
full  limit  of  harbor  depth,  complains  when  the  waters  subside  and 
compel  him  to  load  to  a  lighter  draft.  The  jseriodic  oscillation  in  par- 
ticular, which  every  now  and  then  results  in  a  continuous  subsidence 
of  mean  level  through  a  series  of  years,  is  very  damaging  to  com- 
mercial interests  and  naturally  causes  a  good  deal  of  apprehension. 
Lake  carriers  are  led,  on  account  of  it,  to  clamor  for  a  corrective, 
which,  if  applied,  might  entail  greater  evils  than  those  of  a  falling 
lake  level,  for  they  apparently  forget  that  it  is  this  very  subsidence 
of  level  which  keeps  the  water  in  the  connecting  channels  from  sub- 
siding in  a  much  greater  degree. 

Various  causes  have  contributed  to  give  this  subject  unusual 
prominence  in  recent  years.  A  period  of  what  might  be  called  dry 
years  culminated  in  1895,  in  the  lowest  mean  level  in  Lakes  Michigan, 
Huron  and  Erie  that  has  ever  been  experienced  since  the  commerce  of 
the  lakes  has  been  a  tnatter  of  great  moment.  The  artificial  enlarge- 
ment of  the  natural  cross-sections  of  some  of  the  connecting  channels, 
for  the  improvement  of  navigation,  has  been  thought  by  many  to  have 
contributed  to  this  result.  Simultaneously  with  the  continuance  of 
this  unfavorable  condition  were  the  commencement  and  vigorous  prose- 
cution of  a  project  which  contemplates  the  permanent  withdrawal  of  a 
large  amount  of  water  from  Lake  Michigan,  the  possible  maximum  of 
the  diversion  being  10  000  cxi.  ft.  per  second.     All  of  these  coincident 
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causes  of  alarm  created  no  little  uneasiness  among  commercial  in- 
terests, and  gave  rise  to  a  great  deal  of  earnest  consideration  as  to 
ways  and  means  of  averting  the  threatened  dangers.  Several  public 
discussions  and  a  considerable  amount  of  professional  literature  on 
the  subject  were  the  first  result.  The  matter  finally  came  up  in  Con- 
gress in  the  shape  of  several  reports  which  were  made  the  basis  of  a 
bill*  to  provide  for  a  thorough  investigation  of  the  whole  question. 
In  the  meanwhile  Nature  commenced  removing  the  immediate  cause  of 
ai^prehension,  for  the  mean  lake  levels  have  been  rising  since  1895, 
and  very  likely  will  continue  to  rise  for  some  time  to  come.  As  a 
natural  result,  the  urgent  clamor  for  action,  which  was  so  prominent 
a  few  years  ago,  subsided  as  the  lake  levels  rose,  and  will  probably  not 
assume  troublesome  proportions  again  until  a  new  period  of  low  water 
arrives.  The  problem,  nevertheless,  is  before  us  for  solution,  and  the 
respite  afforded  by  the  natural  relief  now  being  enjoyed  should  not  be 
permitted  to  go  unimproved,  but  should  be  utilized  to  the  utmost  to 
bring  about  a  well-digested  plan  of  action  before  the  hour  of  neces- 
sity again  arrives. 

This  problem,  as  developed  by  the  general  discussions  already  re- 
ferred to,  aims  to  secure  three  objects: 

(1)  A  control  of  the  lake  levels  by  which  their  annual  and  periodic 
oscillations  may  be,  if  not  altogether  eliminated,  still  materially  re- 
duced in  range.  This  purpose  is  expressed  in  the  following  extract 
from  the  bill  proposed  to  Congress  in  the  winter  of  1895-6,  which 
directed,  among  other  things,  an  inquiry  and  an  investigation  as  to 
whether: 

"it  is  practicable  to  control  the  waters  of  the  Great  Lakes  and  main- 
tain them  at  substantially  a  uniform  level  at  all  seasons  of  the  year, 
by  a  dam  or  dams  or  other  works  placed  in  Niagara  River  at  the  out- 
let of  Lake  Erie,  and  by  a  system  of  wing  dams  or  other  structures 
placed  in  the  Detroit  River  and  the  St.  Clair  River,  and  the  Sault  Ste. 
Marie  or  St.  Mary's  River,  at  or  near  the  respective  outlets  of  Lakes 
Saint  Clair,  Huron  and  Superior." 

The  words  "  substantially  a  uniform  level  "  are  not  specifically  in- 
terpreted, but  a  limit  of  oscillation  of  6  ins.  has  been  urged  as  a  prac- 
ticable one,  at  least  for  Lake  Erie. 

(2)  A  permanent  elevation  of  the  lake  levels  by  means  of  con- 
tracting works  in  the  outlets.     This,  it  is  urged,  would  be  the  sim- 

*  This  particular  bill  did  not  become  a  law. 
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plest,  most  effective  and  most  economical  method  of  securing  a  per- 
manent increase  of  depth  in  the  ports  and  connecting  channels  of 
the  lakes. 

(3)  Some  means  of  counteracting  the  tendency  to  a  permanent  low- 
ering of  lake  levels  due  to  an  artifical  enlargement  of  natural  cross- 
sections  of  the  connecting  channels,  or  to  the  permanent  diversion  of 
any  portion  of  the  overflow  to  another  water-shed. 

It  may  be  accepted  as  a  preliminary  condition,  to  which  there  can 
be  no  qualification,  that  any  alteration  of  natural  conditions  in  the 
Great  Lakes,  which  shall  result  in  a  material  diminution  of  flow  in 
the  outlets  during  any  portion  of  the  navigation  season,  cannot  be 
considered  for  a  moment.  It  therefore  becomes  a  matter  of  the  first 
importance  to  determine  what  effect  the  attainment  of  any  of  the 
above  objects  will  have  on  the  flow  in  these  outlets. 

Inasmuch  as  the  navigation  system  of  the  Great  Lakes,  as  already 
pointed  out,  is  virtually  a  great  river  regulated  by  immense  reser- 
voirs distributed  along  its  course,  it  is  manifest  that  the  hydraulic 
features  of  the  problem  are  inseparably  boiind  up  with  the  laws  of 
reservoir  action  in  the  regulation  of  stream  flow. 

FxTNDAMENTAIi   PROPOSITIONS   PERTAINING   TO   THE  ACTION    OF  RESERVOIRS 

IN  THE  Regulation  of  Stream-Flow. 

I. — The  effect  of  a  natural  reservoir  upmi  a  stream  passing  through  it  is 
to  reduce  variations  and  irregularities  of  flow  and  to  give  the  stream  a  more 
uniform  discharge  upon  leaving  the  reservoir  than  it  hod  hefm'e  entering. 

The  explanation  of  this  common  phenomenon  is  obvious.  When 
the  inflow  into  a  reservoir  increases,  the  outflow  will  not  generally 
increase  at  the  same  rate,  for  a  portion  of  the  inflow  will  be  ab- 
sorbed in  storage  due  to  a  rise  in  the  reservoir  level.  In  like  manner, 
when  the  inflow  is  decreasing,  the  outflow  will  not  generally  decrease 
at  the  same  rate,  for  it  will  be  reinforced  by  the  storage  which  flows 
out  as  the  reservoir  falls.  So  that,  while  the  total  outflow  may  equal 
the  total  inflow,  it  will  not  generally  show  the  same  extremes  of  varia- 
tion. The  effect  is  analogous  to  that  of  a  balance  wheel  upon  the 
motion  of  machinery ;  the  wheel  being  virtually  a  reservoir  of  force,  in 
which  irregular  and  sudden  impulses  are  stored,  and  from  which  the 
stored  force  is  paid  out  to  sustain  motion  whenever  there  are  sudden 
or  irregular  cessations  in  the  application  of  the  moving  force. 
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To  give  mathematical  expression  to  this  proposition: 

Let  5  represent  supply  in  the  most  general  sense  of  that  term,  posi- 
tive and  negative,  including  inflow  from  other  reservoirs,  rain- 
fall, run-off,  evaporation,  and  all  other  sources  of  supply  or  loss 
except  the  discharge  of  the  outlet.  It  is  expressed  in  second- 
feet  and  may  have  negative  values. 

Let  Q  represent  the  discharge  of  the  outlet  in  second-feet. 

Let  h  represent  the  variable  height  in  feet  of  the  reservoir  surface 
above  any  datum,  and  also  of  the  outlet  immediately  at  the 
reservoir. 

Let  t  represent  the  time  in  seconds  from  an  assumed  origin  to  any 
value  of  h. 

Let  A  represent  the  area  of  the  reservoir  in  square  feet. 

Then,  at  any  instant,  the  rate  of  change  in  fiwiU  be  represented  by 

the  following  equation: 

{S—  Q)  dt  =  Adh (1) 

The  equation  for  the  discharge  of  the  outlet  is 

Q=f{h) (2) 

in  which/  {h)  always  increases  and  diminishes  with  h,  its  particular 
form,  in  any  given  case,  depending  upon  the  character  of  the  outlet. 

From  equation  (1)  it  is  seen  that  whenever  h  is  increasing,  d  h  is 
positive,  and  Q  <i  S;  and  that  whenever  it  is  diminishing  d  h  is 
negative  and  §  >  S;  also,  that  when  li  and  §  are  at  maximum  or 
minimum,  dh  is  zero  and  Q  =  S. 

In  any  cycle  of  changes,  the  maximiim  value  of  S  precedes  and  is 
greater  than  the  maximum  value  of  Q.  For  if  the  curves  of  <Sand  Q 
were  both  plotted  to  the  same  time  scale,  and  if  both  maxima  were 
equal  and  simultaneous,  the  two  curves  would  be  tangent  to  each 
other  at  that  point  where  Q  =  S.  But  it  has  been  seen  that  when  Q  is 
approaching  its  maximum  it  is  less  than  S,  and  that  after  leaving  its 
maximum  it  is  greater  than  S.  The  two  curves  thus  intersect  at  the 
point  where  Q  =^  S,  and  therefore  cannot  be  tangent;  and  since,  at 
this  ijoint,  §  is  at  a  maximum  and  S  is  falling,  S  must  have  already 
passed  a  maximum  greater  than  that  of  Q.  In  like  manner,  it  will  be 
seen  that  the  minimum  of  Q  follows,  and  is  greater  (algebraically) 
than  that  of  S.  The  limits  of  oscillation  in  Q,  therefore,  lie  within 
those  of  S. 
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From  equation  (1)  it  will  also  be  seen  that,  other  things  being 
equal,  the  moderating  effect  of  a  reservoir  upon  stream  flow  varies 
directly  with  its  area. 

In  the  genei-al  proposition  above  stated  the  word  "natural"  was 
used  by  way  of  qualification,  because  in  the  practical  uses  to  which 
artificial  reservoirs  are  often  put,  the  proposition  is  not  strictly  true. 
In  some  reservoirs  the  outlets  are  entirely  closed  during  certain 
periods,  and  the  water  is  all  released  at  other  periods,  so  that,  in  such 
cases,  the  natural  fluctuations  in  the  flow  of  the  stream  may  actually 
be  increased,  or  at  least  be  radically  altered  in  their  periods. 

Even  in  natural  reservoirs  there  are  apparent,  if  not  real,  excep- 
tions. If  a  reservoir  be  very  small  in  comparison  to  the  volume  of 
water  flowing  through  it,  but  little  larger  in  fact  than  the  channel  of 
the  stream  itself,  the  rise  in  the  reservoir  will  follow  so  closely  upon 
that  in  the  stream  that  the  two  may  appear  to  be  simultaneous  and 
equal.  This  is  but  one  illustration  of  what  may  be  stated  as  a  general 
rule,  that  every  stream  is  virtually  a  series  of  small  reservoirs  and  con- 
necting channels;  and  that  all  stream  flow  is  more  or  less  subject  to 
the  influence  of  reservoirs. 

Eeservoibs  in  Series. 

As  a  corollary  to  the  foregoing  proposition,  it  follows  that,  if  sev- 
eral reservoirs  succeed  each  other  in  a  descending  series,  so  that  a 
supply  to  any  reservoir  must  flow  successively  through  all  below,  the 
fluctuation  of  level  in  the  diff"erent  reservoirs,  due  to  a  variable  supply 
to  an  ui^per  reservoir,  will  diminish  with  a  descent  of  the  series  and 
will  approach  zero  as  a  limit. 

It  has  been  seen  that  in  any  reservoir  the  variation  of  Q  is  less 
than  that  of  S,  but,  neglecting  local  sujjply,  Q  of  one  reservoir 
becomes  S  of  that  next  below.  Calling  this  S',  and  the  discharge  of 
the  lower  outlet,  Q',  there  results: 

Variation  Q'  <C  Variation  S'  <^  Variation  S,  etc. ; 

but  Variation  h  =  —  (see  notation  just  below),   in  which  c, 

as  a  rule  in  natural  reservoirs,  will  increase  with  a  descent  of  the 
series.  The  change  in  each  term  of  the  above  ratio  is  therefore  such 
as  to  diminish  the  value  of  Variation  h*. 

*  The  term  "  variation."  as  used  in  thi.s  paper,  is  not  to  be  taken  in  its  mathematical 
signification,  but  simply  as  denoting  the  maximum  Huctuation  in  S  and  Q.  It  corre- 
sponds to  the  term  "  oscillation,"  as  applied  Xoh. 
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There  are  possible  exceptions  to  this  rule.  If  it  should  happen 
that  a  particular  reservoir  were  of  very  small  area,  with  an  engorged 
outlet,  in  which  the  value  of  c  were  actually  smaller  than  that  in  the 

outlet  next  above,  the  value  of might   be    greater   than 

for  the  next  preceding  reservoir.  Examples  of  this  are  common  in 
the  flow  of  nearly  all  streams.  AVhen  the  channel  of  a  river  is  en- 
gorged from  any  cause,  the  value  of  c  is  less  at  this  point  than  either 
above  or  below.  If  the  river  valley  above  be  considered  as  a  very 
small  reservoir,  we  shall  have  a  true  example  of  the  above  exception. 
It  is  known,  as  a  matter  of  fact,  that  the  rise  of  rivers  in  times  of 
flood  varies  materially  at  different  points  of  their  course  owing  to  this 
cause.  But  while  this  exception  is  true  of  such  extreme  cases  as  have 
been  here  cited,  it  would  not  be  true  of  any  ordinary  system  of 
reservoirs. 

For  a  more  specific  study  of  these  relations: 

Let  A  denote  the  area  of  the  reservoir  in  square  miles. 

Let  h  denote  the  height  in  feet  of  the  surface  of  any  reservoir  above 
the  mean  level  for  the  cycle.  For  the  first  reservoir  considered,  it 
will  be  written  h^;  for  the  next  reservoir  the  resulting  oscillation  will 
be  7^2)  and  so  on  to  h^. 

Let  c  denote  the  variation  of  Q  in  second-feet  for  a  change  of  1  ft. 
in  h,  f  (h)  being  assumed  to  be  a  right  line.  * 

Let   P  denote  the   coefficient   of  reduction   of    S,    or    the    ratio 
Q  (maximum) 
S  (maximum) 

Let  p  denote  the  coefficient  of  reduction  of  f/,  or  the  ratio  of  ?i  for 

one  reservoir  divided  by  k  for  that  next  above,  or  ^-^ — ; -. r . 

rt„_i  (maximum) 

Let  R  denote  the  interval  which  elapses  between  the  maximum  or 
minimum  of  S  in  any  reservoir,  and  the  resulting  maximum  or  mini- 
mum of  Q.  R  is  expressed  in  degrees  of  arc;  a  full  circle,  or  360°, 
representing  a  complete  cycle,  taken  in  this  case  as  one  year. 

Let  the  variations  of  supply  be  represented  by  the  equation  5  = 
a  sin  t,  in  which  a  is  the  extreme  variation  in  second-feet  above  or 
below  the  mean,  and  t  is  degrees  of  arc,  of  which  360  make  a  complete 
cycle. 

*  In  streams  of  considerable  magnitude  and  small  variation  in  discharge,  the  as- 
sumption that  /  (h)  is  a  right  line  for  slight  changes  in  h,  involves  so  small  an  error  as 
not  to  impair  in  the  least  degree  the  validity  or  the  mathematical  processes  in  which 
/  (h)  enters. 
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Then  the  followiug  equations  may  be  written:* 

1 

Sin  i?„  =      j  .  0  18c  \  2 

1 

N/(o:sr)'+' '*' 

0.18c„_i 
P>^  =  VA\,+  {0.18c,r (5) 

From  these  equations  it  is  seen  that,  for  a  given  cycle,  i?  is  a  func- 
tion of  area  and  outlet  alone,  and  independent  of  S ;  P  also  is  a 
function  of  area  and  outlet  alone;  and  j>  is  a  function  of  area  and  of 
inlet  and  outlet. 

It  will  also  be  seen  that  R  decreases  as  A  increases,  or  as  c  of  the 
outlet  decreases ;  P  increases  as  A  decreases,  or  as  c  of  the  outlet  in- 
creases; while  ^j  increases  as  A  and  c  of  the  outlet  decrease,  and  as  c 
of  the  inlet  increases.  In  each  of  the  above  cases  the  converse  state- 
ment is  true. 

Inasmuch  as  the  conditions  which  control  the  oscillation  of  level 
in  natural  reservoirs  are  seldom,  if  ever,  such  as  to  bring  the  crests  of 
transmitted  waves  from  upper  reservoirs,  and  those  due  to  local 
supply,  simultaneously  together,  wave  interference,  which  to  some 
extent  neutralizes  the  combined  effect,  is  the  result.  In  other  words, 
the  maximum  oscillation  of  level  in  any  reservoir  of  a  series  is  never 
the  sum  of  the  maxima  of  local  and  transmitted  oscillations,  for 
these  are  never  exactly  superimposed;  and  they  may  even  so  occur 
that  the  hollow  of  the  transmitted  wave  comes  upon  the  crest  of  the 
local  wave,  and  may  actually  cause  a  smaller  oscillation  than  if  there 
were  no  transmitted  wave. 

As  a  general  proposition  it  may  be  said  that,  in  a  series  of  natural 
reservoirs,  such  as  has  been  described,  each  with  its  independent  local 
supply,  the  oscillation  of  levels  will  be  mainly  controlled  by  the 
transmitted  supply  when  the  reservoir  area  is  relatively  small,  and  by 
the  local  supply  when  its  area  is  relatively  large. 

For  the  better  illustration  of  the  principles  above  enunciated,  let 
the  following  example  be  considered.  Let  there  be  five  reservoirs, 
*  See  mathematical  analysis  hereto  appended. 


364         CHITTENDEN  ON  RESERVOIR  SYSTEM  OF  GREAT  LAKES. 


OSCILLATION  CURVES  IN  ASSUMED  RESERVOIRS 
SCALE  OF  t  IN  DEGREES — 360°EQUALS  ONE  YEAR 
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and  assume  the  area  of  each  to  be  10  000  square  miles,  the  range  of 
variation  in  S  to  be  100  000  second-feet,  and  to  be  the  same  for  each  of 
the  reservoirs;  and  the  values  of  c,  beginning  with  the  first  reservoir, 
to  be  10  000,  15  000,  20  000,  25  000  and  30  000  second-feet.  The  values 
of  B,  P  and  7),  as  computed  from  equations  (3),  (4)  and  (5),  may  then 
be  written  as  follows: 


Reservoir. 

R. 

P. 

p. 

No.  1      ... 

81  days. 
76      " 
71      " 

67      " 
62      " 

0.177 
0.261 
0.339 
0.410 
0.475 

No.  2 

0.174 

No.  3 

0.2M 

No.  4. 

0.328 

No.  5 

0.396 

The  accompanying  oscillation  curves  (Fig.  1)  show  for  each 
reservoir  the  element  of  total  oscillations  which  comes  from  local 
supply,  and  that  from  each  of  the  reservoirs  above,  and  enables  one  to 
judge  at  once  by  the  eye  what  proportion  of  the  total  oscillation  in 
any  case  is  due  to  local  supply,  and  what  to  transmitted  supply.  In 
the  examjjle  above  given,  in  which  the  reservoirs  are  relatively  large, 
the  oscillation  is  mainly  due  to  local  supply.  For  instance,  in  the 
third  reservoir,  the  maximum  oscillation,  due  to  local  supply,  is  95h% 
as  great  as  the  actual  oscillation,  and  occurs  12  days  earlier.  The 
maximum  transmitted  oscillation  is  25^%  as  great  as  the  actual,  and 
occurs  68  days  later. 

To  show  what  would  be  the  effect  upon  a  comparatively  small 
reservoir,  suppose  that  in  the  above  series,  in  place  of  the  third  unit, 
there  is  introduced  a  reservoir  of  the  following  size  and  character- 
istics: Area,  400  square  miles;  range  of  variation  in  S,  4  000  second- 
feet;  c  of  outlet,  20  000  second-feet.  It  will  then  be  found  that  the 
maximum  of  oscillation,  due  to  local  supply,  is  30%  as  great  as  the 
actual,  and  occurs  67  days  earlier;  while  the  maximum  of  oscillation, 
due  to  transmitted  supply,  is  94%^  as  great  as  the  actual,  and  occurs 
20  days  later.  In  this  reservoir,  therefore,  the  oscillation  of  level 
would  be  mainly  controlled  by  the  supply  received  from  above. 

II. — Any  recluctioyi  of  the  normal  oscillation  0/ level  in  a  natural  reser- 
voir will  increase  the  variation  of  flow  in  the  outlet ;  and  any  reduction  of 
the  normal  variation  of  flow  in  the  outlet  will  iyicrease  the  oscillation  of  level 
in  the  resei'voir. 
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From  equation  (1)  it  will  be  seen  that,  if  the  oscillation  of  level  of 
a  reservoir  is  to  be  diminished,  {S  —  Q)  d  t  must  be  diminished,  and 
consequently  the  values  of  {S  —  Q)  must  be  diminished  ;  but  since 
the  variation  of  S  from  its  mean  is  greater  than  that  of  Q,  and  since 
the  variation  of  <S  is  here  assumed  to  remain  unchanged,  Q  must  be 
brought  nearer  to  aS",  and  its  own  variation  must  be  increased. 

The  truth  of  the  above  proposition  is  readily  apparent  without 
mathematical  demonstration.  If  a  reservoir  be  prevented  from  rising 
by  any  amount,  the  water  represented  by  the  storage  under  normal 
conditions  must  be  run  out,  and  the  flow  in  the  outlet  must  be  corre- 
spondingly increased.  With  a  falling  reservoir  exactly  the  opj)osite 
process  applies,  and  the  flow  of  the  outlet  must  be  diminished  by  any 
restriction  of  the  normal  amount  of  fall.  Finally,  if  the  oscillation  of 
level  be  eliminated  altogether,  Q  will  become  equal  to  S — the  condi- 
tion of  an  unreservoired  stream. 

The  imiJortance  of  this  proposition  arises  from  its  relation  to  the 
problem  of  controlling  the  o.scillation  of  levels  in  the  Great  Lakes. 

The  i^rinciple  laid  down  in  Proposition  II  is  at  flrst  sight  incon- 
sistent with  equation  (2).  In  discussing  that  equation  it  was  seen 
that/"  [h)  increases  or  diminishes  with  li.  But  it  has  just  been  shown 
that  a  reduction  of  the  fluctuations  of  A  from  its  normal  condition 
will  increase  the  variation  of  Q,  or  f  {h).  The  explanation  of  this 
apparent  paradox  is,  that  any  change  in  the  normal  variation  of  h^ 
can  only  be  broiight  about  by  some  modification  of  the  form  or  co- 
efficients of  /  (A)  ;  and  that  while  h  and/  {h)  increase  and  decrease  to- 
gether for  a  fixed  condition  of  the  outlet,  the  rule  has  no  application 
to  a  change  from  one  condition  of  the  outlet  to  another. 

The  converse  of  Proposition  II  is  not  necessarily  true;  that  is, 
that  an  increase  of  oscillation  in  reservoir  level,  or  of  variation  in  out- 
let discharge,  will  diminish  the  variation  or  oscillation  in  the  other. 
See  remarks  on  artificial  reservoirs  under  Proposition  I. 

HI. — In  a  series  of  reservoirs,  such  as  has  been  described,  if  a  perma- 
nent  negative  supply  be  introduced  at  any  point,  that  is,  if  a  portion  of  the 
supply  be  jyermanently  withdrawn  from  any  reservoir,  it  will  cause  a  tower- 
ing of  the  mean  level  throughout  the  entire  system  below. 

This  is  apparent  from  equation  (2)  in  which  Q  and  h  increase  or 
diminish  together.  If,  therefore,  Q  be  permanently  diminished,  h  must 
also  be  diminished,  and  the  mean  level  of  the  reservoir  will  be  lowered. 
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The  lowering  of  the  mean  level  in  any  reservoir,  under  the  above 
assumption,  will  be  such  as  to  make  —  =  h',  in  which  q  is  the  nega- 
tive supply  and  h'  is  the  resulting  fall  in  the  mean  level. 

A  permanent  negative  supply,  however,  unless  of  great  relative 
magnitude,  would  have  but  little  influence  on  the  range  of  oscillation 
in  the  reservoir,  provided  the  range  of  variation  of  ^Swere  not  changed. 
If/  {h)  were  a  right  line,  there  would  be  no  change  in  the  oscillation, 
but  if  the  function  were  of  a  form  in  which  li  appears  at  a  higher 
power  than  unity,  the  oscillation  of  level  would  be  increased  by  any 
lowering  of  the  mean  level.* 

Under  the  assumption  upon  which  Proposition  III  is  based,  the 
fall  in  mean  level,  resulting  from  the  introduction  of  a  negative 
supply,  cannot  be  prevented  by  artificially  increased  storage  in  any 
part  of  the  system.  For  assuming  that  J  Qdtiorilae  cycle  is  not 
to  be  changed,  C  -\-  qdt  must  equal  C  —  q  d  t,  in  which  q  and  q'  are  the 
rates  at  which  storage  is  accumulated  during  jjart  of  the  cycle,  and 
expended  during  the  remainder.  The  total  supply  to  the  reservoir 
below  is  therefore  not  changed,  and  any  increase  during  one  period 
can  be  secured  only  by  a  corresponding  decrease  during  a  previous 
l^eriod.  This  might  alter  somewhat  the  oscillation  of  level,  but  would 
be  powerless  to  pi-event  a  lowering  of  mean  level  due  to  a  permanent 
reduction  of  supply. f 

Such  a  result  can  be  prevented  only  by  changing  the  form  or  coeffi- 
cients oi/{h)  in  all  outlets  below  the  point  where  the  negative  supply 
is  introduced— in  other  words,  by  contracting  the  outlets  so  as  to  di- 
minish the  normal  discharge  at  mean  level  by  an  amount  equal  to  the 
negative  supply. 

*  This  may  be  a  proper  place  to  notice  a  fact  which  is  of  some  interest  as  a  theoreti- 
cal refinement,  although  of  no  practical  importance. 

The  mean  level  of  a  reservoir  will  ri.se  as  its  fluctuations  of  level  are  diminished,  and 
fall  as  the  tluctuations  are  increased — the  mean  discharge  remaining  the  same — and  the 
mean  level  will  stand  highest  when  there  is  no  fluctuation  of  level,  or  when  the  flow  in 
the  outlet  is  constant. 

This  law  results  from  the  nature  of/  {h)  in  equation  (2).  If  it  were  a  right  line,  that 
is,  if  the  variation  in  dischiuKe  per  unit  variation  in  h  were  the  same  at  all  points  of  h, 
then  the  mean  level  would  always  be  the  same  for  the  same  ilischarge.  But/(/j)  is  nearly 
always  a  curve  in  which  its  value  increases  more  rapidly  than  that  of  h.  In  the  weir 
formulas,  for  example,  h  appears  at  the  S  power,  while  m  ordinary  streams  the  parabolic 

function.  e/i«,  is  true  within  narrow  limits.  It  is  obvious,  therefore,  that  J  f  [h)  d  t  for 
values  of  h  above  the  mean  level,  must  be  greater  than  for  the  same  values  below,  and 
since  the  mean  discharge  during  the  cycle  cannot  be  increased,  the  plane  of  mean  level 
must  be  somewhat  below  that  corresponding  to  a  constant  discharge.  In  general,  how- 
ever, the  difference  of  mean  level  would  be  inappreciable. 

■*■  Referring  to  the  last  preceding  note,  it  will  be  seen  that  if  the  storage  in  the  reser- 
voir be  so  m mipiilafe  1  as  to  reduce  the  oscillation  of  levels  in  the  reservoirs  below,  the 
mean  level  would  lie  slitrhtlv  raised  ;  and  if  so  manipulated  as  to  increase  the  oscilla- 
tions, the  m»aii  level  wuuldbe  slightly  lowered.  But  such  effects  would  ordinarily  be 
infinitessimal  in  value. 
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IV. — Assuming  the  supply  to  remain  unchanged,  no  modiUcdtlon  of  the 
normal  oscillation  of  level  in  a  reservoir^  or  of  the  normal  variation  of  flow 
in  the  outlet,  is  possible  except  by  some  modijwation  of  the  form  or  coefficients 
off{h). 

This  proijosition  embodies  the  entire  question  of  the  character  of 
Avorks  in  the  outlets  of  reservoirs  designed  to  control  or  modify  the 
normal  oscillations  of  h  and  Q.  Without  entering  at  all  into  details  of 
construction,  it  may  be  broadly  stated  that  works  of  this  class  must  take 
one  of  two  forms,  depending  upon  the  immediate  object  to  be  attained. 
If  that  object  be  a  reduction  of  oscillation  of  levels  in  the  reservoir, 
then  the  controlling  works  must  be  of  such  a  character  as  to  increase 
the  value  of  c  [equations  (3),  (4),  (5)j.  If,  on  the  other  hand,  the  object 
be  to  restrict  the  variations  of  flow  in  the  outlet,  then  the  controlling 
works  must  be  of  such  a  character  as  to  diminish  the  value  of  c.  The  first 
purpose  may  be  accomplished  by  widening  the  outlet  and  diminishing 
the  depth,  as  by  the  use  of  a  long-crested  weir  around  the  head  of  the 
outlet,  and  the  second  by  narrowing  the  outlet  and  increasing  the  depth. 

Inasmuch  as  works  of  improvement,  such  as  the  deepening  of  nat- 
ural channels,  and  works  of  simple  contraction,  such  as  wing  dams, 
piers,  etc.,  generally  increase  the  depth  and  diminish  the  width,  such 
works  tend  to  uniformity  in  outlet  discharge  at  the  expense  of 
uniformity  of  level  in  the  reservoir. 

Application  of  the  Foregoing  Pkopositions  to  the  Reservoir  System 
OF  THE  Great  Lakes. 

This  system  embraces  five  distinct  reservoirs,  the  names  and  areas 
of  which,  together  with  the  areas  of  the  tributary  water-sheds,  are  as 
follows : 


Name. 

Area  of  water  surface. 

Ai-ea  of  water-shed. 

Lake  Superior 

31  800  square  miles. 

48  600  square  miles. 

Lake  Michigan-Huron* 

45  600 

495 

10  000 

7450 

97800 

Lake  St.  Clairt 

Lake  Erie 

Lake  Ontario 

5  100 
25  700 
25  5.30 

*  In  this  discussion  Lakes  Michigan  and  Huron  wiU  be  considered  as  a  single  body  of 
water. 

+  The  areas  in  this  table  are  taken  from  the  report  of  the  U.  S.  Deep  Waterways 
Commission  for  1896,  except  that  the  water-shed  of  Lake  St.  Clair,  as  given  in  that  re- 
port, has  been  diminished  by  1  320  square  miles,  and  this  area  added  to  that  of  the  Lake 
Erie  water-shed.  The  water-shed  map  of  the  Commission  report  includes  a  considerable 
area  in  the  St.  Clair  water-shed  which  woLdd  seem  to  drain  into  the  Detroit  River  below 
a  point  where  it  could  have  any  effect  upon  the  levels  of  Lake  St  Clair. 
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The  connecting  channels  are  of  considerable  length  and  irregularity, 
but  the  retardation  of  effects,  due  to  the  time  required  for  the  water 
to  Mow  through  them,  is  jirobably  in  no  case  greater  than  twenty-four 
hours.  It  may  be  much  less,  if  those  portions  are  omitted  which  are 
practically  inlets  of  the  lakes,  taking  their  stage  directly  from  that  of 
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the  lakes,  and  only  those  stretches  are  considered  where  the  stage  is 
dejiendent  solely  on  the  discharge. 

Although  existing  data  do  not  permit  the  precise  determination  of 
the  values  of  c  for  the  various  oiitlets,  they  may  be  stated  within  a 
probable  limit  of  error  that  will  answer  all  the  purposes  of  a  rigid 
demonstration. 
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The  values  of  c,  here  assumed,  are  as  follows : 

For  Sault  Ste.  Marie  River  17  000  second-feet. 

"    St.  Clair  and  Detroit  Rivers 26  000 

"    Niagara  River 30  000       "         " 

"    St.  Lawrence  River 34  000       '• 

Deductions  fkom  Pboposition  I. 
To  appreciate  fully  the  moderating  effect  of  these  reservoirs  upon 
the  stream  flowing  through  them,  as  explained  ixnder  Proposition  I 
(page  359),  it  will  be  of  interest  to  make  a  comparison  with  other  well- 
known  streams  of  similar  magnitude.  Take,  for  this  purpose,  the 
Ohio  River  at  its  mouth,  the  Missouri  at  its  mouth,  and  the  Mississippi 
at  the  mouth  of  the  Missouri,  and  let  them  be  comjjared  with  the 
Niagara  at  Buffalo.  The  areas  of  water-sheds  of  these  four  streams, 
and  their  mean  discharge  in  second-feet,  are  as  follows  :* 


Niagara. 

Ohio. 

Missouri. 

Mississippi. 

Water-shed  in  square  miles 

365  095 
238  800 

205  750 
307  000 

530  810 
100  000 

171  570 

DischargP!  in  sseconrl-fpet.. 

130  000 

The  accompanying  diagram,  Fig.  3,  exhibits  graphically  the  varia- 
tions in  mean  monthly  dischai'ge  of  these  streams  for  the  year  1883. 
The  actual  maxima  and  minima  show,  of  course,  a  considerably  larger 

■,.  i.1         Ai  ii  1  ii         i-       (maximum  discharge) 

divergence  than  the  monthly  means,  the  ratios  ) — ^-. — — 2_^ 

(minimum  discharge) 

for  the  above  year  being,  for  the  Ohio,  28.22;  for  the  Missouri,  29.00, 
and  for  the  Mississippi,  10.29.  For  Niagara  the  ratio,  disregarding 
wind  effects,  probably  does  not  exceed,  in  any  one  year,  1.50. 

In  terms  of  absolute  quantities,  the  storage  by  which  this  result  is 
produced  may  be  readily  determined.  The  mean  annual  oscillation 
of  level  in  Lake  Suj^erior,  based  ujion  25  years'  observations,  is  0.93 
ft.,  in  Lake  Michigan-Huron,  1  ft.,  and  in  Lake  Erie,  1.16  ft.  These 
oscillations  rejaresent  an  aggregate  storage  of  2  419  billion  cubic  feet 
of  water — greater  than  the  over-flow  excess  of  the  Mississipj:)!  River  at 
Cairo  in  the  great  flood  of  1897,  and  equivalent  to  about  153  000  second- 
feet  for  a  period  of  six  months.  The  maximum  annual  oscillation  is 
about  twice  the  above  mean,  and,  of  course,  rej)resents  twice  the 
amount  of  storage. 

*  The  above  data  for  discharge  are  based  upon  25  years'  record  (1871-1895)  for 
Niagara,  and  6  years'  record  (1880-1885)  for  the  other  streams. 
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OSCILLATION  CURVES  IN  THE  GREAT  LAKES 

SCALE  OF  t  IN  DEGREES —  360°EQUAUS  ONE  YEAR 

_360    0  180  360  540  720    0 


LOCAL  OSCILLATIONS  LOCAL  AND  TRANSMITTED  OSCILLATIONS  TOTAL  OSCILLATIONS 

x  actual  levels  a  actual  levels  less  effects  from  above    •  calculated  levels 
Fig.  4. 
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Not  less  in  magnitude  and  importance  is  the  cyclic  oscillation 
refei'red  to  earlier  in  tliis  paper.  During  the  period  from  1872  to  1876, 
for  example,  the  mean  annual  levels  of  the  lakes  above  Niagara  rose 
continuously,  the  aggregate  storage  being  about  4  000  billion  cubic 
feet.  During  the  next  three  years  the  levels  fell  continuously,  the 
aggregate  loss  of  storage  amounting  to  about  3  600  billion  cubic  feet. 

The  enormous  moderating  influence  of  these  vast  storage  reservoirs 
thus  practically  eliminates,  not  only  the  regularly  recurring  changes 
in  supply,  but  all  sudden,  erratic,  or  transient  irregularities,  and  pro- 
duces a  flow  in  the  outlets  which,  as  already  stated,  is  practically 
ttniform  from  one  year's  end  to  the  other. 

In  applying  the  formulas  (3),  (4)  and  (5),  to  the  Great  Lakes,  no 
attempt  has  been  made  to  go  farther  than  to  adapt  them  to  the  mean 
curves  based  upon  25  years'  observations.  To  these,  the  ordinary  sine 
curve,  used  in  the  analysis,  has  been  fitted  as  closely  as  possible.  The 
correspondence  of  the  curves  is  not  exact,  but  is  near  enough  not  to 
affect  the  general  conclusions  drawn  from  the  discussion. 

The  following  table  gives  the  value  of  the  retardation  R,  and  the 
coefficients  of  reduction  P  and  p,  for  the  five  lakes: 


Name  of  lake. 

R. 

P. 

P- 

Superior 

85.7 
85.3 
6.1 
62.5 
51.3 

0.096 
0.102 
0.994 
0.475 
0.635 

Michigan-Huron 

0.067 

St.  Clair 

0.994 

Erie 

0.412 

Ontario 

0.560 

This  table,  and  the  accompanying  oscillation  curves,  Fig.  4,  form 
a  complete  exhibit  of  the  local  and  transmitted  elements  of  the  aggre- 
gate oscillation  in  each  unit  of  the  system.* 

Column  (2)  explains  the  well  known  fact  that  the  highest  and  lowest 

stages  in   the   lakes   occur   long  after   the  periods  of  maximum  and 

minimum  of  supply  have  passed.     However,  from  the  curves  and  from 

column  (2)  the  a^jproximate  mean  dates  of   maximum   or   minimum 

supply  for  each  of  the  lakes  can  be  determined.     To  do  this,  take  from 

the  curve  of  oscillation  due  to  local  supply  in  any  lake  the  dates  of  its 

maximum  and  minimum,  and  from  these  subtract  the  corresj)ondiug 

retardations  in  column  (2).     The  results  deduced  by  this  process  are 

*  The  effect  of  the  variable  supply  to  Superior  consumes  291  days  in  reaching  Ontario, 
and  its  maximum  is  then  only  1°„  of  the  total  maximum  oscillation  in  the  latter  lake. 
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given  in  the  table  below,   and  fall  well  within  the  probable  limits  of 
actual  occurrence. 


Name  of  Lake. 


Superior 

Michigan-Huron 

St.  Clair 

Erie 

Ontario 


Date  of 

Date  of 

actual 

local 

/(   max. 

/)   max. 

Sept. 

Sept. 
July 

July 

July 

April 

June 

June 

June 

May 

Date  of 
actual 
h  inin. 


^i^*fai°*  Retarda-  Date  of 


Mar.  j  Mar. 

Dec.  I  Jan. 

Dec.  Oct. 

Feb.  Dec. 

Dec.  Nov. 


June 
April 
April 
April 
April 


Date  of 
S  min. 


Dec. 
Oct. 
Oct. 
Oct. 
Sept. 


The  quantity  S,  it  must  be  borne  in  mind,  is  a  very  complex  one. 
It  is  the  result  of  at  least  three  important  and  ever  active  causes — pre- 
cipitation upon,  and  evaporation  from,  the  surface  of  the  reservoir, 
and  run-oflf  from  the  tributary  water-shed.  The  first  and  third  ele- 
ments are  always  positive  and  the  second  always  negative;  but  their 
maxima  and  minima  are  rarely  coincident,  and  probably  none  of  them 
coincide  very  closely  with  the  actual  aggregate.  Precipitation,  as 
based  upon  many  years'  observations,  has  two  yearly  maxima,  occur- 
ring usually  in  June  and  September,  and  two  minima,  occurring 
usually  in  August  and  February.  Run-off  has  its  maximum  generally 
in  those  months  when  the  melting  of  the  winter  snows  occurs.  This  is 
ordinarily  in  March  for  the  lower  lake  region,  and  in  April  for  the 
Lake  Superior  x-egion.  The  minimum  of  run-off  spreads  over  a  pretty 
long  period,  ranging  from  September  to  February,  and  is  controlled, 
not  only  by  actual  precipitation,  but  by  the  influence  of  cold  weather 
in  congealing  precipitation  and  checking  the  flow  of  streams.  The 
maximum  of  evaporation  occurs  generally  in  July  and  August,  and  the 
minimum  in  the  period  from  December  to  February;  but  there  are  cer- 
tain phenomena,  to  be  referred  to  later  on,  which  indicate  a  higher 
winter  rate  of  evaporation  than  is  generally  supposed. 

The  complex  and  variable  elements,  of  which  the  actual  local  supialy 
for  any  of  the  lakes  is  made  up,  render  it  extremely  hazardous  to  pre- 
dict from  them  the  time  of  actual  maximum  and  minimum;  for  these 
may  incline  toward  any  of  the  component  elements  which  happen  at 
the  time  to  j)redominate.  No  method  seems  so  rational  as  that  above 
applied  of  working  backward  from  the  known  dates  of  maximum  and 
minimum  oscillations  due  to  local  sujaply. 

Assuming  the  mean  discharge  of  the  outlets  to  be,  for  Superior, 
75  000  second-feet;  for  Michigan-Huron,  195  000  second-feet;    for  St. 
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Clair,  -200  000  secoiul-feet;  for  Erie,  225  000  seeoud-feet;  for  Ontario, 
260  000  second- feet;  the  corresponding  local  supply  for  each  of  the 
lakes  in  thousands  of  second-feet  per  month,  based  upon  the  twenty- 
five  year  curves,  is  found  to  be  as  follows: 


Month. 


January. .. 
February . . 

March 

April 

May 

June 

July 

August 

September 
October . . . 
November. 
December. 


Superior. 


—  2 

+  31 

+  75 
+115 
+152 
+164 
+153 
+119 
+  75 
+  31 

—  2 

—  14 


Michigan-Huron. 

St.  Clair. 

Erie. 

Ontario 

+111 

+19 

+43 

+62 

+185 

+21 

+52 

+74 

-+235 

+20 

+55 

+75 

+255 

+15 

-h49 

+  66 

-4-240 

+  8 

+37 

+  49 

+191 

+  1 

+23 

+  27 

+129 

—  5 

+  7 

+  8 

+  55 

—  7 

+  2 

—  4 

+    5 

—  6 

—  5 

—  5 

—  15 

—  1 

-J-  1 

+  4 

+    0 

+  6 

+  13 

+21 

+  47 

+13 

+27 

+43 

The  results  here  given  are  to  be  taken  only  as  general  approxima- 
tions, in  the  absence  of  precise  data  as  to  the  mean  discharge  of  the 
outlets ;  but  they  serve  to  show  the  fact,  intended  to  be  brought  out 
here,  that  at  certain  seasons  there  is  a  negative  stipply  on  all  of  the 
lakes.  The  cause  will  naturally  be  attributed  to  the  preponderance 
of  evaporation  at  such  times  over  rainfall  and  run-off;  biat  the  perplex- 
ing feature  of  the  i^heuomenon  is  that  in  one  lake  in  particular— Supe- 
rior— this  negative  supply  comes  in  months  when  evaporation  is  sujj- 
posed  to  be  at  a  minimum.  An  examination  of  Table  No.  2  will  show 
that  on  all  the  lakes  there  are  large  deficiencies  at  times,  even  in  winter 
months.  No  explanation  suggests  itself  except  that  evaporation  from 
ice  and  snow  on  the  lakes  may  be  greater  than  is  commonly  supposed. 

Relafiv'^  Eff'ecis  of  Local  and  Transmitted  Supplies. — Plate  XXXVI, 
showing  oscillation  curves,  affords  a  striking  illustration  of  the  observa- 
tion made  in  discussing  Proposition  I  (page  .359),  viz.,  that,  in  the  general 
ease,  the  oscillation  of  levels  will  be  controlled  by  the  transmitted  supply 
when  the  reservoir  is  relatively  small,  and  by  the  local  supply  when  it 
is  relatively  large.  Thus,  the  maximum  of  oscillation  in  Michigan- 
Huron,  if  due  to  local  supply  alone,  would  be  4%"  greater  than  it  actu- 
ally is,  and  would  occur  aboiit  three  days  earlier.  The  maximum  of 
oscillation,  if  due  to  the  transmitted  supjily  from  Superior  alone,  would 
be  only  1%  as  great  as  it  actually  is,  and  would  occur  141  days  later. 

For  St.  Clair,  the  local  maximum  would  be  about  o^i%  as  great  as 
the  actual,  and  would  occur  about  57  days  earlier;  Avhile  the  trans- 
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mitted  maximum  would  he  83%  as  great  as  the  actual,  and  -would 
occur  32  days  later. 

For  Ei'ie,  the  local  maximum  would  be  about  80%  as  great  as  the 
actual,  and  would  occur  about  20  days  earlier;  while  the  transmitted 
maximum  would  be  about  39%  as  great  as  the  actual,  and  would  occur 
51  days  later. 

For  Ontario,  the  local  maximum  would  be  about  88%  as  great  as 
the  actual,  and  would  occur  about  28  days  earlier;  while  the  trans- 
mitted maximum  would  be  about  47%  as  great  as  the  actual,  and 
would  occur  about  64  days  later. 

From  these  figures,  and  from  the  curves,  an  excellent  idea  may  be 
had  of  the  parts  which  local  and  transmitted  supplies  play  in  the  ac- 
tual oscillations  of  the  lakes.  Except  in  St.  Clair,  it  is  seen  that  the 
local  supply  is  the  controlling  factor,  and  that  in  one  lake — Michigan- 
Huron — the  transmitted  siij^ply  actually  diminishes  the  total  fluctua- 
tion. In  St.  Clair  the  transmitted  supply  controls  — as  was  to  have 
been  expected  on  account  of  its  relatively  small  area, 

It  is  also  plain  that  any  attempt  to  control  the  fluctuations  of  one 
lake  by  modifying  the  inflow  from  another  will  produce  only  insig- 
nificant results. 

In  like  manner  it  is  manifest  that  the  oft-asserted  mutual  depen- 
dence of  levels  between  Michigan- Huron  and  Erie,  evidence  of  which, 
it  is  urged  by  some,  is  the  fact  that  their  difference  of  level  scarcely 
ever  varies  as  much  as  1  ft.  ,*  has  no  foundation  in  fact.  St.  Clair  com- 
pletely interrupts  the  continuity  of  flow  on  account  of  the  fluctuation 
due  to  its  own  local  supply,  f 

*  Lake  Michigan-Huron  and  Lake  Erie  rise  and  fall  together,  not  because  of  any 
mutual  dependence  of  levels,  but  because  similar  climatic  forces  are  operating  simul- 
taneously in  both  basins.  The  fact  that  their  levels  do  not  move  in  closer  unison — that 
sometimes  Erie  is  fallintc  when  Michigan-Huron  is  rising,  and  vice  versa— still  further 
negatives  the  prubability  of  any  very  intimate  )'elation  between  the  oscillations  of  level 
in  these  two  bodies  of  water. 

t  The  influence  of  St.  Clair  upon  the  discharge  of  the  Detroit  River  may  even  be 
greater  than  has  been  here  assumed.  Unfortunately  there  are  no  actual  data  as  to  the 
oscillation  of  levels  in  this  lake,  and  it  has  been  necessary  to  deduce  a  curve  from 
known  data,  such  as  the  area  of  the  lake,  the  inflow  from  Michigan-Huron,  and  an  as- 
sumed S.  based  upon  the  similarity  of  climatic  conditions  on  the  watersheds  of  Michigan- 
Huron,  Erie  and  St.  Clair.  In  this,  however,  an  error  may  have  been  made  in  assuming 
an  eccentricity  for  the  St.  Clair  curve  of  supply  but  little  greater'  than  that  for  the  other 
lakes.  The  water-shed  of  St,  Clair,  compared  with  the  lake  area,  is  relatively  much  lai-ger 
than  those  of  the  other  lakes,  as  may  be  seen  from  the  following  ratios  of  lake  to  land  area: 

Superioi- 1.5 

Michigan-Huron 2.1 

St.  Clair 10.3 

Erie.. 2.4 

Ontario 3.4 

Remembering  that  S  is  the  algebraic  sum  of  precipitation  on  the  lake  surface,  eva- 
poration from  it,  and  run-off  from  the  water-shed,  a  little  consideration  of  the  character 
of  these  elements  will  show  that  as  run-off  predominates  over  rainfall  and  evaporation, 
the  eccentricity  of  S  will  increase.  It  is  quite  possible,  therefore,  that  the  range  of  local 
supply  for  St.  Clair  has  not  been  assumed  large  enough,  and  that  the  oscillations  of  level 
in  that  reservoir  are  due,  to  a  greater  extent  than  has  been  admitted,  to  local  supply. 


CHITTENDEN"  ON  RESERVOIR  SYSTEM  OF  GREAT  LAKES.       377 

Deductions  i'rom  Pkoposition  II. 

Table  No.  2,  appended  to  this  pajjer,  shows  in  detail,  mouth  by 
month  for  twenty-five  years,  and  for  each  of  the  five  lakes,  the  amount 
of  storage  accumulated  or  lost,  both  in  terms  of  h  and  in  thousands 
of  second-feet  per  month.  It  also  shows  similar  data  for  the  mean  of 
the  twenty-five  years.  Table  No.  3  shows  the  oscillation  of  mean  an- 
nual level  in  feet  in  each  of  the  lakes  from  1871  to  1895,  inclusive, 
with  the  equivalent  storage  in  thousands  of  cubic  feet  for  the  period 
of  one  year.  Table  No.  4  shows  the  rate  in  second-feet  at  which 
storage  corresponding  to  a*  rise  or  fall  of  6  ins.  on  each  of  the  lakes 
would  have  to  be  accumulated  or  expended  in  periods  varying  from 
one  to  three  months.  The  tables  show,  not  only  the  data  for  each  lake 
by  itself,  but  the  cumulative  effects  in  descending  the  series,  suppos- 
ing the  causes  to  be  operating  simultaneously  throughout  the  system. 

These  tables  siipply  ample  data  for  conclusions  as  to  the  practic- 
ability of  controlling  the  levels  of  the  lakes  within  fixed  limits — say, 
6  ins.  Thus,  let  it  be  assumed  that  the  outlet  of  any  of  the  lakes, 
Superior,  for  instance,  is  to  be  so  regulated  that  the  annual  oscillation 
of  the  lake  level  shall  not  exceed  0.5  ft.  The  amount  of  storage  rep- 
resented by  a  depth  of  0.5  ft.  on  Lake  Superior  is  equivalent  to  168  000 
second-feet  for  one  month.  Noav,  diiring  the  months  from  March  to 
September,  in  1871,  for  example,  storage  was  accumulated  in  this  lake 
at  the  following  rates  in  thousands  of  second-feet:  March,  146;  April, 
168;  May,  178;  June,  40;  July,  24;  August,  20;  September,  34.  Assum- 
ing that  this  storage  is  to  be  reduced  to  an  equivalent  of  168  000  second- 
feet  for  one  month,  and  that  the  reduction  is  to  be  taken  from  the 
months  of  most  rapid  accumulation,  it  would  give  the  following  re- 
sults :  It  would  reduce  the  storage  in  March  by  38,  in  April  by  60,  and 
in  May  by  70,  and  would  leave  for  each  of  these  months  108  000 
second-feet*  which  would  have  to  be  run  out  in  addition  to  the 
normal  discharge.  This,  it  will  be  understood,  is  based  upon  the  im- 
possible sixpposition  that  climatic  conditions  can  be  foreseen  so  as  to 
apply  the  allowable  storage  of  0.5  ft.  to  those  months  of  most  rapid 
accumulation.  In  actual  i)ractice,  of  course,  no  such  result  could  be 
realized,  and  the  increase  of  outflow  Avould  be  greater  than  above  in- 
dicated. 

Api^lying  this  process  to  the  ensuing  period  of  falling  levels,  from 
October,  1871,  to  April,  1872,  it  will  be  found  that  for  the  months  of 
*  Vov  values  of  mean  discharge  of  the  various  lakes,  see  p.  373. 
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December  and  January  the  outflow  would  have  had  to  be  reduced  by 
94  000  second-feet*,  and  for  the  other  months,  during  which  the 
lake  was  falling,  by  the  full  amounts  given  in  the  table.  It  requires 
no  comment  to  show,  not  only  the  impracticability,  but  the  utter  im- 
possibility of  any  such  accomplishment. 

However,  the  difficulty  here  encountered  would  evidently  be  less 
in  the  lower  units  of  the  system,  if  considered  by  themselves,  for 
there  the  reservoir  area  is  much  less  and  the  flow  of  the  outlets  much 
greater.  To  see  what  effect  would  be  produced  upon  the  flow  of 
Niagara  by  a  reduction  to  0.5  ft.  of  the  oscillation  in  Erie,  apply  the 
above  process  to  that  lake  for  the  year  1871-72.  It  will  be  found  that 
the  outflow  would  not  have  been  increased  by  more  than  24  000 
second-feet,  nor  restricted  by  more  than  32  000  second-feet.  There 
are  other  years,  however,  in  which  the  increase  of  outflow  would 
have  been  much  greater,  but  it  may  be  assumed  that  any  practicable 
restriction  of  the  oscillation  of  Erie  to  a  limit  of  0.5  ft.  would 
probably  not  often  increase  or  decrease  the  flow  in  the  outlet  by  more 
than  30  000  second-feet.*  Whether  a  change  of  this  amount  in  the 
normal  variation  of  flow  of  Niagara,  particularly  in  the  low-water 
period,  could  be  admitted,  is  at  least  an  open  question,  and  one  that 
Avould  have  to  be  settled  before  regulation  could  actually  take  place. 

If  regulation  to  a  limit  of  6  ins.  were  simultaneously  apjilied  to  all 
the  lakes,  or  even  to  Michigan-Huron  and  Erie,  the  cumulative  effect 
on  Niagara  w-ould  render  the  project  wholly  impossible. 

It  will  probabl}^  impress  any  one  who  carefully  examines  this  sub- 
ject that  an  interference  with  the  normal  annual  oscillation  of  levels 
of  the  lakes  will  at  best  be  an  uncertain  and  hazardous  undertaking; 
and  that,  if  such  interference  were  to  take  place,  it  might  better  be 
for  the  purpose  of  increasing,  rather  than  diminishing,  the  oscillations 
of  levels  in  the  reservoir,  and  of  thus  reducing  the  variations  of  flow- 
in  the  outlet. 

It  is,  after  all,  not  so  much  the  annual  oscillation  that  gives  rise  to 
complaint  on  the  part  of  navigators  as  the  long  periodic  oscillation. 
The  real  source  of  trouble  is  the  continuous  subsidence  of  levels 
through  several  years,  by  which  the  carrying  power  of  the  great  ships 
is  constantly  reduced,  and  their  earning  capacity  diminished.  Can 
these  periodic  oscillations  be  eliminated,  and  can  the  mean  annual 
levels  be  always  maintained  above  a  minimum  jjlane? 

*  For  values  of  mean  discharge  of  the  various  lakes,  see  p.  375. 
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So  far  as  tlie  rise  is  concerned,  the  problem  is  certainly  feasible,  for 
tlie  increased  flow,  due  to  its  elimination,  when  spread  over  such  long 
periods,  would  not  be  objectionable,  even  in  its  ciimulative  effects. 

The  case  is  not  equally  clear  in  regard  to  the  subsidence  of  levels. 
An  extreme  example  of  the  fall  of  the  mean  annual  levels  of  Michigan- 
Huron  and  Erie  is  that  of  the  year  1894-95.  Michigan-Huron  dropped 
during  that  period  at  a  rate  of  42  000  second-feet,  and  Erie  at  the  rate 
of  8  220  second-feet;  but  Superior  in  the  meantime  rose  by  an  average 
of  1  700  second-feet.  To  have  prevented  the  subsidence  of  levels  in 
Michigan-Huron  and  Erie  would  have  required  a  uniform  reduction  of 
the  normal  discharge  of  Michigan-Huron  by  40  300  second-feet,  and  of 
Erie  alone  by  8  220  second-feet,  while  the  cumulative  effect  in  Erie 
would  have  been  48  520  second-feet.  This  being  a  period  when  the 
normal  discharge  of  these  rivers  was  injuriously  small,  these  reduc- 
tions would  probably  not  have  been  admissible  during  the  navigation 
season.  If  restricted  to  one-third  of  a  year,  that  is,  to  the  winter 
season,  they  would  have  been  120  900  second-feet  for  Michigan-Huron, 
24  663  second-feet  for  Erie  alone,  or  145  560  second-feet  as  the  cumula- 
tive effect  from  Michigan-Huron  and  Erie.  As  the  normal  discharge  of 
Michigan-Huron  at  this  time  was  probably  between  150  000  and  175  000 
second-feet,  and  of  Erie  not  much  more  than  200  000  second-feet,  the 
elimination  of  the  cyclic  fluctuation  alone  would,  it  is  seen,  have  in- 
volved a  reduction  of  discharge  in  the  outlets,  during  the  entire  winter 
season  of  four  months,  of  nearly  75  per  cent. 

Should  full  investigation  show  that  this  amount  of  reduction  in 
the  discharge  of  the  outlets  during  the  non-navigation  season  could 
be  permitted  without  injury  to  any  interests,  the  possibility  of  uni- 
form regulation,  such  as  is  here  assumed,  would  still  be  dependent 
upon  a  condition  which  can  never  be  realized.  It  is  impossible  to 
forecast  climatic  conditions  for  anything  like  the  periods  covered  by 
these  cycles.  Those  charged  with  the  control  of  the  outlets  must 
always  be  for  the  most  part  in  the  dark  as  to  what  is  going  to  happen 
in  regard  to  rainfall  and  run-off.  It  is  therefore  clearly  impossible  to 
fix  in  advance,  even  for  the  jaeriod  of  a  single  year,  a  uniform  rate  at 
which  the  discharge  of  the  outlets  must  be  increased  or  diminished  in 
order  to  prevent  a  change  in  the  mean  annual  level.  The  only  way  to 
accomplish  this  result  that  suggests  itself  would  be  to  accumulate  an 
amount  of  storage  in  the  lakes  during  each  winter,  and  the  ensuing 
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period  of  high  water,  eqtial  to  the  maximum  subsidence  which  ex- 
perience shows  may  be  expected  to  follow  during  the  low-water  season. 
If  this  were  done,  the  levels  could  always  be  maintained  above  a 
minimum  jalane.  This  result,  however,  could  be  attained  only  at  the 
cost  of  increasing  now  and  then  the  annual  oscillation. 

Of  course,  to  make  any  regulation  of  the  lake  levels  practicable  the 
mean  levels  must  be  raised  somewhat,  in  order  to  be  able  to  secure 
the  increase  of  outflow  which  would  at  times  be  necessary;  but  this 
elevation  of  mean  level  is  in  itself  one  of  the  ends  contemplated  by 
the  general  scheme  of  lake  level  regulation.  Taken  by  itself  it  is  un- 
questionably a  practicable  matter,  at  least  within  small  limits.  Such 
a  steja  would  indeed  involve  grave  difficulties  in  the  outlets  themselves, 
to  which  reference  will  presently  be  made,  and  "will  always  be  com- 
plicated with  the  question  of  damages,  but  so  far  as  the  simj^le  matter 
of  raising  the  levels  of  the  lakes  is  concerned,  there  can  be  not  the 
slightest  doubt  of  its  feasibility.  It  is  in  fact  claimed  that  this  has 
already  been  accomplished  in  Lake  Superior  by  works  placed  in  the 
outlet  of  St.  Mary's  River  for  other  purposes.  These  works  consist  of 
bridge  piers  and  water-power  works,  and  the  contraction  of  the  outlet 
has  been  such  as  to  give  an  estimated  rise  of  0.5  ft.  in  the  level  of  the 
lake,  i^rior  to  January,  1896.* 

The  question  of  permanently  raising  the  levels  of  the  lakes  is,  or 
may  be  made,  entirely  independent  of  that  lake  level  regulation.  A 
simjile  contraction  of  the  outlets  will  accomplish  the  first  purpose, 
but  not  the  second.  It  would  in  fact  increase  the  oscillation  some- 
what, in  accordance  with  a  principle  brought  out  in  discussing  Pro- 
position IV  (page  369),  that  if  the  outlet  of  a  reservoir  be  narrowed  or 
deepened,  the  value  of  c  will  be  diminished,  and  the  oscillation  of  level 
will  be  increased  while  the  variation  in  flow  will  be  lessened. 


Deductions  from  Pboposition  III. 

The  third  of  these  general  propositions  relates  to  the  eft'ects  upon 
the  lake  levels,  of  the  diversion  of  any  portion  of  the  supply  of  the 

*  Report  by  E.  E.  Haskell,  U.  S.  Asst.  Engineer,  dated  January  11th,  1896.  Although 
it  is  true  that  the  level  of  Lake  Superior  was  rising  for  several  years  prior  to  1896. 
while  the  levels  of  the  lower  lakes  were  falling,  still  the  climatic  conditions  are  dis- 
similar enough  to  lead  one  to  hesitate  in  attributing  this  particular  rise  to  artificial 
causes  alone. 
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Great  Lakes  to  other  watersheds,  and  to  the  methods  of  counteracting 
such  effect.  The  specific  application  of  the  pi'oposition  now  in  view, 
IS  to  the  Chicago  Drainage  Canal  with  its  contemplated  diversion  of 
10  000  second-feet,  and  to  the  scheme  advocated  by  some  engineers  of 
diverting  a  much  larger  amount,  say  30  000  second-feet,  to  help  out 
the  low-water  navigation  of  the  Mississippi.  That  such  diversions 
will  permanently  lower  the  levels  of  all  the  lakes,  below  and  including 
that  from  which  they  are  taken,  is  certain.  The  amount  of  this 
lowering  is  a  function  of  c  of  the  various  outlets,  and  its  correct 
determination  depends  upon  the  prior  correct  determination  of  this 
coefficient. 

Among  the  suggestions  advanced  for  counteracting  this  lowering 
effect  is  that  of  storing  water  in  Lake  Superior  to  make  up  the  amount 
of  diversion.  A  reference  to  the  discussion  of  Proposition  III  (page 
366)  will  show  the  fallacy  of  this  scheme.  The  storage  of  water  in 
Lake  Superior  must  commence  by  cutting  off  the  outflow.  When  the 
stored  water  is  run  out,  the  total  increase  of  flow  over  the  normal  con- 
dition will  only  be  equal  to  the  previoiis  decrease.  In  other  words, 
the  total  supply  to  the  lakes  below,  upon  which  their  mean  level 
depends,  cannot  be  altered  a  particle  by  storage. 

The  only  Avay  the  effects  of  diversions  can  be  counteracted  is 
to  contract  the  outlets,  so  that  the  flow  through  them  at  the 
normal  mean  level  shall  be  diminished  by  an  amount  equal  to  the 
diversion. 

Analogous  to  the  effect  which  must  result  from  the  permanent 
withdrawal  of  any  portion  of  the  supply  of  the  lake  system  to  other 
water-sheds  is  that  due  to  an  increase  of  the  cross-sections  of  the 
outlets  resulting  from  imj^rovements  in  the  interests  of  navigation. 
Such  works  must  necessarily  result  in  a  permanent  lowering  of 
mean  level  in  the  reservoir  above.  The  remedy  is,  of  course,  to 
contract  the  outlets  sufficiently  to  diminish  the  outflow  at  the  normal 
mean  level  by  an  amount  equal  to  the  increase  caused  by  the  enlarge 
ment  of  section.  In  superficial  area  the  contraction  would  have 
to  be  greater  than  the  previous  enlargement,  for  the  whole  change 
thus  made  in  the  cross-section  is  in  the  direction  of  deepening  and 
narrowing  the  outlet;  and  a  deep  and  narrow  channel  will  carry 
more  water  than  a  wide  and  shallow  one  of  the  same  area  of  cross- 
section. 
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Deductions  fbom  Pboposition  IV. 

All  works  intended  to  change  the  levels  of  the  lakes,  to  control 
their  oscillations,  to  counteract  diversions,  or  to  regulate  the  flow  of 
the  outlets,  must  be  placed  directly  in,  or  at  the  head  of,  the  outlets 
themselves.  The  two  broad  classes  into  Avhich  such  works  must  fall 
have  already  been  pointed  out,  viz. : 

(i)  Works  tending  to  increase  the  width  and  diminish  the  depth, 
with  the  result  of  diminishing  oscillation  of  level  and  increasing  varia- 
tions of  discharge;  and 

(2)  Works  tending  to  contract  the  width  and  increase  the  depth, 
with  the  result  of  increasing  oscillation  of  levels  and  diminishing 
variations  in  discharge. 

The  only  example  of  a  work  under  the  first  class  is  that  proposed 
by  some  engineers  for  controlling  the  level  of  Lake  Erie.  For  obvious 
reasons,  the  regulation  of  the  levels  of  this  lake  is  of  more  import- 
ance than  that  of  any  of  the  others.  There  need  only  be  mentioned 
its  vast  harbor  interests,  and  the  fact  that  at  least  two,  and  probably 
three,  canals  will  in  the  future  lead  directly  from  its  lower  extremity 
to  Ontario  or  to  the  Hudson  River.  A  fixed  depth  in  these  harbors 
and  over  the  miter  sills  is  of  great  importance.  To  secure  uniformity 
of  level  it  has  been  proposed  to  enclose  the  head  of  Niagara  by  a  fixed 
weir,  which  will  give  the  desired  permanent  increase  in  elevation  of 
level,  and  which  shall  be  of  such  length  that  a  change  of  dej^th  on  the 
crest  of,  say,  6  ins.  will  so  modify  the  outflow  as  to  prevent  a  rise  or 
fall  of  level  of  more  than  that  amount. 

Two  objections  appear  to  be  conclusive  against  this  arrangement: 
(a)  The  very  advantage  which  first  commends  it,  that  of  automatic 
regulation  of  oscillations,  Avould,  in  reality,  prove  a  serious  disad- 
vantage; and  (b)  the  whole  result  can  be  accomplished  in  a  simpler, 
more  effective,  and  less  expensive  way  by  works  placed  directly  in  the 
outlet. 

The  trouble  with  the  automatic  action  of  the  long-crested  weir  is 
that  it  would  always  give  the  same  discharge  for  the  same  depth  of  over- 
flow; whereas,  the  best  regulation  of  the  discharge  might  require  that 
it  be  not  always  the  same  for  the  same  stage.  It  has  been  seen  that  a 
regulation  of  the  levels  of  Erie  within  a  limit  of  6  ins.  would  increase 
or  decrease  the  normal  flow  in  Niagara  at  times  bv  as  much  as  30  000 
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second-feet;  but  the  range  of  the  normal  variation  itself  above  or  below 
the  mean  doubtless  frequently  amounts  to  30  000  second-feet.  The 
weir  must  therefore  be  of  such  length  that  a  variation  of  6  ins.  in  the 
depth  of  flow  over  its  crest  will  give  a  variation  of  discharge  of  60  000 
second-feet.  When  it  is  considered  that  changes  of  2  to  4  ft.  in  gauge 
readings  due  to  wind  effects  "are  of  so  frequent  occurrence  as  to  be 
considered  common,"*  and  that  changes  of  from  4  to  8  ft.  are  not 
rare,  the  effect  of  a  long  weir  upon  the  discharge  of  Niagara,  in 
times  of  heavy  winds,  would,  it  is  readily  seen,  be  disastrous.  With 
a  rising  lake  the  matter  would  be  of  less  consequence;  for  if  the 
level  of  the  lake  were  regixlated  but  a  foot  or  two  above  its  present 
mean  stage,  the  increased  overflow  would  choke  up  the  outlet  and 
drown  out  the  Meir;  but  with  a  falling  lake,  no  such  counteract- 
ing effect  would  be  experienced,  and  Niagara  River  would  frequently 
run  dry. 

As  before  stated,  the  whole  result  exj^ected  from  the  long  weir  can 
be  obtained  in  a  simpler,  more  effective  and  less  expensive  way,  by 
works  placed  directly  in  the  outlet.  The  form  of  structure  which 
appears  to  be  essential  to  a  rational  regulation  of  the  levels  of  the 
lakes  is  one  that  shall  be  in  a  measure  under  the  control  of  human 
agencies.  Disclaiming  any  purjjose  of  proposing  technical  or  specific 
details  of  construction,  the  following  general  plan  maybe  suggested 
AS  embodying  what  would  seem  to  be  the  most  practicable  method 
of  control.  At  a  suitable  section  of  the  outlet,  preferably  where  rock 
foundation  may  be  had,  let  a  series  of  piers,  similar  to  bridge  piers,  be 
erected  at  2ii'oper  intervals,  whose  aggregate  area  of  cross-section  be- 
low the  water  surface  will  be  equal  to  the  contraction  of  the  channel 
section,  Avhich  is  necessary  to  secure  the  desired  permanent  elevation 
of  the  mean  level  of  the  lake.  These  piers  would,  thus,  by  themselves, 
.accomplish  that  part  of  the  jiuriJOse  of  regulation  which  relates  to  a 
permanent  elevation  of  level.  For  the  purpose  of  controlling  the 
oscillations,  some  arrangement  by  which  the  area  of  the  new  cross- 
section  can  be  enlarged  or  diminished  is  necessary.  To  accomplish 
this,  let  a  sill  be  anchored  to  the  bottom  of  the  river  from  j)ier  to  pier, 
And  let  a  bridge  be  laid  from  pier  to  pier,  but  slightly  elevated  above 
the  water  surface.  Upon  this  bridge,  at  convenient  intervals,  let 
in'ojjer  arrangements  be  made  for  the  handling  of  good-sized  needles 

*  Report  of  the  United  Stales  Deep  Waterways  Commission,  for  1896,  p.  156. 
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which  may  be  lowered  into  the  river  aud  supported  by  the  bridge  at 
the  upper  end,  and  by  the  sill  at  the  lower  end.  Or,  better  still,  these 
needles  could  be  fixed  permanently  in  position,  but  balanced  on  the 
longitudinal  axis,  so  that  the  broad  flat  surface  or  the  narrow  edge, 
as  desired,  could  be  presented  to  the  current.  These  needles,  when 
in  place,  need  not  be  adjacent,  but  there  may  be  open  intervals  be- 
tween them;  the  main  point  being  that  their  aggregate  area  shall  be 
sufficient,  by  proper  manipulation,  to  give  the  desired  control  over 
the  flow  in  the  outlet.  A  navigable  pass  of  sufficient  width  should  be 
left  entirely  free  from  obstruction.  With  an  arrangement  of  this  sort, 
all  the  advantages  of  the  fixed  weir  may  be  realized,  with  the  very  im- 
portant additional  advantage  of  adaptation  of  control  to  actual  con- 
ditions as  they  arise.  Such  a  structiire  ought  to  be  much  cheaper  than 
a  long  weir.  Its  care  and  management  would  cost  something,  but  the 
expense  from  this  cause  ought  not  to  be  great. 

One  important  drawback  will  always  be  encountered  with  any  form 
of  contraction  that  can  be  devised.  The  raising  of  the  level  of  the 
lakes  will  increase  the  slope  at  the  site  of  the  works  of  contraction, 
and  may  develop  currents  of  such  rapidity  as  to  interfere  seriously 
with  the  passage  of  boats.  At  the  Sault  Ste.  Marie  this  is  a  matter  of 
less  importance,  for  locks  there  are  a  necessity  any  way,  and  the  only 
eff'ect  would  be  to  increase  the  lift.  Even  this  might  not  result  if 
Michigan-Hiiron  and  Superior  were  each  raised  by  a  like  amount.  But 
in  passing  from  Huron,  St.  Clair  or  Erie  into  the  rivers  below,  the  case 
is  different,  aad  contracting  works  might,  and  probably  would,  develop 
strong  currents  and  sharp  slojjes  in  their  immediate  vicinity.*  It 
is  doubtful  if  the  simultaneous  and  equal  raising  of  Erie  and  Michi- 
gan-Huron would  obviate  the  difficulty,  for  the  increased  channel 
depth  would  diminish  the  slopes,  and  would  tend  to  concentrate  the 
fall  at  the  contracting  works.  It  might  be  necessary  to  have  a  series 
of  works,  one  below  another,  with  the  area  of  contraction  gi-adually 
diminishing  so  as  to  let  the  slope  down  gently  by  distributing  it  over 
a  considerable  distance.  In  any  event,  the  use  of  locks  would  be  too 
serious  an  inconvenience  to  merit  consideration.! 

*  The  outlets  of  both  Michigan-Huron  aud  Erie  have  engorged  sections  where  they 
leave  the  lakes;  and  even  in  their  natural  conditions  show  marked  slopes  and  high  ve- 
locity of  flow  at  these  points. 

t  It  is  scarcely  necessary  to  invite  attention  to  the  international  feature  of  this 
problem.  No  radical  step  in  the  direction  of  lake-level  regulation  can  be  taken,  except 
with  the  co-operation,  or  at  least  consent,  of  Canada.  It  is,  in  fact,  by  no  means  im- 
probable that  this  feature  of  the  question  may  prove  the  most  embarrassing  of  all. 
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Physical  Data. 

It  will  have  been  observed  that,  in  this  discussion,  the  primary  data 
upon  which  the  oscillation  of  lake  levels  depends— those,  namely,  of 
precipitation,  evaporation,  and  run-oflf — have  been  dealt  with  scarcely 
at  all.  In  fact  -S*  does  not  appear  in  equations  (3),  (4)  and  (5), 
but  only  the  quantities  ^1,  li.  and  v.  The  discussion  of  the  reservoir 
question  therefore  depends  upon  a  knowledge  of  the  area  of  the  lakes, 
the  oscillation  of  the  levels,  and  the  characteristics  of  flow  in  the  out- 
lets. The  first  of  these  elements  is  known  with  precision.  The  second 
has  been  a  matter  of  record  for  nearly  forty  years,  and  in  this  dis- 
cussion is  based  u^jon  a  i)eriod  of  observation  of  twenty-five  years. 
The  data  are  not,  indeed,  all  that  could  be  wished.  The  records  have 
not  been  made  up  from  self-registering  gauges,  as  would  have  been 
the  better  plan,  but  from  observations  taken  at  a  particular  hour 
each  day.  Considering  the  sudden  effects  of  winds  and  barometric 
changes  on  the  levels  of  the  lakes,  it  is  clear  that  the  individual 
records  cannot  be  of  much  value;  but  since  erroneous  vahies  are 
liable  to  occur  as  much  on  one  side  of  the  truth  as  on  the  other,  the 
monthly  means  of  daily  readings  are  probably  not  far  from  correct, 
while  the  mean  of  so  long  a  period  as  twenty-five  years  must  be  very 
accurate. 

Of  the  discharge  of  the  outlets  comparatively  little  is  yet  known. 
In  this  matter,  however,  it  is  not  so  much  the  absolute  vahie  of  the 
mean  discharge  that  is  needed,  as  the  variations  from  the  mean.  In 
other  words,  Q  is  of  less  importance  than  v.  In  the  assumption  of  c  it 
has  been  necessary  to  proceed  somewhat  in  the  dark,  but  nevertheless 
with  confidence,  because  a  considerable  variation  in  c  will  not  mate- 
rially affect  the  results  with  reservoirs  of  such  magnitude  as  the  Great 
Lakes.  In  like  manner  the  assumption  that  /  {h)  is  a  right  line  is  so 
near  the  truth  that  its  departure  therefrom  cuts  no  figure  whatever 
in  the  general  result.  It  is  confidently  believed,  therefore,  that  the 
general  conclusions  here  arrived  at  will  not  be  essentially  modified  by 
more  exhaustive  data. 

It  is,  nevertheless,  of  great  importance  to  a  final  solution  of  the 
problems  of  the  lakes  that  these  data  be  made  as  complete  as  possible. 
The  future  records  of  the  lake  levels  should  be  kept  with  self-registei'- 
ing  gauges,  and  there  should  be  one  of  these  for  Lake  St.  Clair  as  well 
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as  for  the  other  lakes.  The  discharge  measurements  should  embrace 
every  phase  of  flow  in  the  outlets,  and  particular  care  should  be  exer- 
cised to  secure  simultaneous  measurements  at  various  stations  along 
the  channels  connecting  Huron  with  Erie.  It  is  a  matter  of  congrat- 
ulation to  know  that  these  important  steps  are  now  in  contemplation 
by  the  existing  Deep  Waterways  Commission. 

Concerning  *S',  the  collection  of  data  appears  to  be  altogether  of 
secondary  importance,  and  this  for  the  excellent  reason,  that,  having 
A,  h,  c  and  Q,  S  can  be  determined  from  them  more  accurately  than 
in  any  other  way.  If  the  diflflculties  in  the  way  of  a  satisfactory 
determination  of  any  one  of  the  elements  of  ^S" — j^recipitation,  evapo- 
ration, or  run-off — are  considered,  it  will  be  conceded  that  an 
approach  to  the  problem  from  that  direction  is  wholly  injudicious. 
Take  Lake  Superior,  for  example.  The  i^recipitation  at  any  one  of 
the  points,  Duluth,  Marquette,  Sault  Ste.  Marie,  White  River  or 
Port  Arthur,  around  the  shore  of  the  lake,  varies  materially  from 
that  at  any  other  point.  Admitting  that  correct  records  can  be  kept 
at  these  points,  how  is  the  true  proportion  of  lake  area  to  be 
assigned  to  each  in  order  to  determine  the  average  precipitation  over 
the  whole? 

The  question  of  evaporation  is  still  more  iinsatisfactory.  There  is 
no  practicable  method  of  determining  it  accurately.  How  are  the 
effects  of  winds  on  such  great  bodies  of  water  to  be  determined?  It  is 
known  that  waves  increase  the  exposed  area  about  2,h%,  while  the 
spray  from  breakers  adds  still  more;  but  at  the  same  time  the 
commotion  of  the  water  brings  up  the  cooler  depths  to  the  surface 
and  lowers  the  temperature  upon  which  the  evaporation  largely 
depends.  * 

Again,  observations  taken  near  shore  might  not  hold  for  the  interior 
of  the  lake,  where  the  atmosphere  may  reasonably  be  assumed  to  be 
more  laden  with  moisture  and  to  be  of  a  lower  temperature.  The 
element  of  evaporation  from  ice  and  snow  would  be  a  very  uncertain 
one,  owing  to  the  absence  of  any  definite  knowledge  of  the  extent  of 
ice-covered  areas.  With  these  inherent  uncertainties  in  the  problem 
of  determining  the  rate  of  evaporation  on  the  lakes,  great  confidence 
can  hardly  attach  to  any  attainable  results. 

*  In  midsummer  the  surface  temperature  on  Lake  Superior  was  found  by  Geo.  Y . 
AVisner,  M.  Am.  Soc.  C.  E.,  to  fall  5  or  6°  after  heavy  winds. 


CHITTENDEN  ON  RESERVOIR  SYSTEM  OF  GREAT  LAKES,        387 

The  run-oflf  from  the  L^ud  area  of  the  basin  could  be  determined 
with  tolerable  accuracy  for  any  one  year,  by  a  continuous  gauging  of 
a  sufficient  number  of  streams,  but  the  results  would  be  of  little  value 
for  another  year  in  which  conditions  might  be  very  different. 

It  is  therefore  not  apparent  why  this  particular  line  of  data  should 
receive  special  attention.  The  complex  exjiression  which  gives  their 
combined  effect  is  already  integrated  in  the  rise  and  fall  of  the  lake 
levels  and  in  the  flow  of  the  outlets,  and  if  these  are  known,  S  can  be 
determined  from  them  better  than  it  can  ever  be  measured. 
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TABLE  No.   1 — Water  LeveiiS  of  the  Great  Lakes. 

[From  the  Report  of  the  United  States  Deep  Waterways  Commission,   1896.] 

Lake  Superior,  at  Superior,  Wis.,  and  Marquette,  Mich. 

Monthly  mean  of  water  levels  below  the  plane  of  reference  of  United 
States  Lake  Survey  (high  water  of  1838). 

Elevation  of  the  plane  of  reference  above  mean  tide  at  New  York  City 

is  604.76  ft. 


Year. 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet 

Feet. 

1871... 

3.85 

4.45 

4.03 

3.53 

3.00 

2.88 

2.81 

2.75 

3.65 

2.73 

3.79 

3.53 

3.35 

1878... 

3.85 

3.96 

4.08 

4.18 

3.53 

3.15 

2.88 

2.71 

3.55 

3.65 

3.80 

3.10 

3.39 

1873... 

3.20 

3.65 

3.62 

3.61 

3.01 

2.71 

2.42 

2.34 

2.18 

3.38 

3.43 

2.73 

3.84 

1874... 

3.17 

3.19 

3.23 

3.13 

3.06 

2.86 

2.48 

2.39 

3.39 

3.33 

3.41 

3.72 

3.76 

1875... 

3.04 

3.08 

3.04 

3.04 

2.82 

2.46 

2.47 

2.38 

3.15 

2.30 

3.44 

3.64 

3.65 

1876... 

3.84 

3.05 

3.14 

3.11 

2.57 

1.89 

1.50 

1.39 

1.50 

1.83 

1.99 

2.27 

3.36 

1877. . . 

2.63 

2.87 

3.13 

3.21 

3.33 

3.00 

2.62 

2.56 

3.72 

2.72 

3.93 

3.00 

3.88 

1878... 

3.12 

3.00 

3.77 

3.80 

3.53 

3.35 

3.18 

3.30 

3.47 

3.40 

3.60 

3.92 

3.45 

1879... 

3.83 

3.86 

3.56 

3.95 

4.31 

4.08 

3.84 

3.72 

3.83 

3.74 

3.82 

4.12 

3.89 

1880... 

4.44 

4.48 

4.57 

4.54 

3.85 

3.02 

2.87 

2.88 

2.88 

2.93 

2.99 

3.25 

3.56 

1881... 

3.51 

3.61 

3.70 

3.79 

3.49 

3.05 

2.99     2.94 

2.71 

2.37 

2.44 

3.73 

3.11 

1883... 

3.07 

3.32 

3.43 

3.51 

3.35 

3.33 

2.88 

2.76 

2.72 

2.89 

2.91 

3.10 

3.11 

1883... 

3.33 

3.62 

3.62 

3.37 

3.36 

3.26 

3.01 

2.99 

3.03 

3.23 

3.38 

3.49 

3.31 

1884... 

3.50 

3.59 

3.71 

4.00 

3.78 

3.58 

3.44 

3.43 

3.16 

2.80 

3.90 

3.11 

3.43 

1885. . . 

3.34 

3.52 

3.60 

3.65 

3.32 

3.04 

2.80 

2.68 

2.75 

3.93 

3.07 

3.40 

3.17 

1886. . . 

3.60 

3.73 

3.79 

3.70 

3.45 

3.31 

3.24 

3.33 

3.35 

3.35 

3.40 

3.54 

3.47 

1887. . . 

3.85 

3.83 

3.53 

3.35 

3.56 

3.40 

3.12 

3.04 

3.18 

3.35 

3.49 

3.71 

3.44 

1888. . . 

3.82 

3.81 

3.88 

3.88 

3.41 

2. as 

2.44 

2.30 

2.35 

3.44 

3.58 

3.93 

3.04 

1889. . . 

3.25 

3.47 

3.64 

3.63 

3.28 

3.16 

2.97 

3.78 

2.65 

3.81 

3.12 

3.43 

3.18 

1890. . . 

3.56 

3.69 

3.93 

3.96 

3.75 

3.30 

3.00 

'3.85 

2.72 

2.75 

2.96 

3.33 

3.32 

1891... 

3.68 

3.81 

3.85 

3.89 

3.69 

3.64 

3.44 

3.37 

3.43 

3.38 

3.49 

3.90 

3.63 

1892. . . 

3.90 

4.18 

4.31 

4.30 

3.97 

3.59 

3.56 

3.44 

3.39 

3.49 

3.66 

3.94 

3.81 

1893. . . 

4.23 

4.31 

4.26 

4.16 

3.66 

3.14 

3.84 

3.78 

2.87 

2.90 

3.06 

3.39 

3.46 

1894. . . 

3.47 

3.65 

3.50 

3.41 

2.63 

2.41 

2.35 

3.22 

2.30 

3.38 

3.33 

3.53 

2.76 

1895. . . 

2.82 

3.04 

3.21 

3.31 

2.94 

2.62 

3.42 

3.37 

2.23 

3.18 

3.47 

3.80 

2.70 

Mean 

35  yrs. 
1871-95 

3.48 

3.63 

3.69 

3.68 

3.38 

3.07 

2.86 

3.78 

2.76 

3.79 

2.94 

3.33 

3.19 
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Table  Na.   1 — {Continiie<l). 

Lake  Michigan,  at  Milwaukee,  Wis. 

Monthly  mean  of  Avater  levels  beloM'  the  plane  of  reference  of  United 
States  Lake  Survey  (high  water  of  1838). 

Elevation  of  the  plane  of  reference  above  mean  tide  at  Xew  York  City 

is  584.34  ft. 


Year. 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

1871... 

3.12 

3.20 

2.60 

2.40 

2.05 

2.01 

1.98 

2.21 

2.88 

3.57 

3.62 

4.21 

2.82 

1872... 

4.34 

4.34 

4.56 

4.31 

4.06 

3.69 

3.66 

3.68 

3.75 

3.87 

4.16 

4.82 

4.10 

1873. . . 

4.82 

4.78 

4.47 

3.90 

3.34 

2.71 

2.75 

2.65 

2.84 

2.90 

3.13 

3.17 

3.45 

1874... 

3.21 

2.92 

2.77 

2.87 

2.89 

2.52 

2.59 

2.58 

2.83 

3.18 

3.38 

3.72 

2.96 

1875... 

3.92 

3.99 

3.93 

3.57 

3.01 

2.77 

2.80 

2.63 

2.70 

2.85 

3.06 

3.25 

3.21 

1876... 

3.30 

3.10 

2.77 

2.57 

1.95 

1.54 

1.20 

1.27 

1.32 

1.90 

1.80 

2.27 

2.08 

1877... 

2.41 

2.40 

2.40 

2.02 

2.13 

2.06 

2.09 

2.21 

2.42 

2.41 

2.53 

2.59 

2.31 

1878. . . 

2.71 

2.78 

2.62 

2.60 

2.30 

2.16 

2.15 

2.47 

2.67 

2.78 

2.91 

3.23 

2.62 

1879... 

3.54 

3.53 

3.49 

3.50 

3.37 

3.30 

3.21 

3.40 

3.52 

3.74 

3.96 

3.93 

3.54 

1880... 

3.89 

3.98 

3.94 

3.77 

3.43 

2.89 

2.67 

2.64 

2.94 

3.28 

3.60 

3.77 

3.40 

1881... 

3.76 

3.55 

3.26 

2.35 

2.84 

2.61 

2.64 

2.64 

2.87 

2.54 

2.71 

2.81 

2.88 

1882... 

3.03 

3.04 

2.67 

2.54 

2.44 

2.17 

2.11 

1.92 

2.04 

2.45 

2.66 

2.99 

2.51 

1883... 

3.25 

3.21 

3.12 

2.91 

2.43 

2.07 

1.47 

1.50 

1.69 

1.91 

2.36 

2.44 

2.36 

1884... 

2.66 

2.54 

2.29 

2.11 

1.90 

1.74 

1.90 

2.04 

2.29 

2.29 

2.65 

2.68 

2.26 

1885... 

2.67 

2.44 

2.48 

2.29 

1.93 

1.72 

1.63 

1.42 

1.56 

1.70 

2.00 

2.29 

2.01 

1886... 

2.06 

2.04 

1.76 

1.49 

1.23 

1.16 

1.35 

1.58 

1.82 

1.92 

2.26 

2.59 

1.77 

1887. . . 

2.67 

2.30 

2.14 

2.19 

1.99 

1.86 

1.92 

2.06 

2.40 

2.a5 

3.18 

3.30 

2.41 

1888... 

3.48 

3.53 

3.35 

3.14 

2.76 

2.49 

2.48 

2.60 

2.75 

3.00 

3.05 

3.63 

3.02 

1889. . . 

3.65 

3.68 

3.70 

3.69 

3.61 

3.15 

2.97 

3.21 

3. .38 

3.63 

3.98 

4.16 

3.57 

1890... 

4.08 

4.12 

4.14 

3.82 

3.59 

3.18 

3.11 

3.19 

3.39 

3.50 

3.84 

4.19 

3.68 

1891 . . . 

4.21 

4.45 

4.26 

3.95 

3.85 

3.70 

3.87 

3.94 

4.17 

4.53 

4.93 

4.99 

4.24 

1892... 

4.87 

4.68 

4.78 

4.72 

4.30 

3.85 

3.84 

3.76 

3.96 

4.20 

4.47 

4.74 

4.35 

1893. . . 

4.75 

4.61 

4.50 

4.04 

3.74 

3.41 

3.. 39 

3.56 

3.88 

4.02 

4.41 

4.48 

4.07 

1894. . . 

4.47 

4.44 

4.18 

4.03 

3.49 

3.33 

3.30 

3.38 

3.81 

4.02 

4.29 

A.U 

3.95 

1895. . . 

4.82 

4.93 

4.96 

4.76 

4.60 

4.55 

4.66 

4.78 

5.05 

5.42 

5.64 

5.75 

4.99 

Mean 

25yrs. 

3.59 

3.54 

3.41 

3.18 

2.93 

2.67 

2.63 

2.68 

2.92 

3.14 

3.39 

3.63 

3:i4 

1871-95 
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Table  No.   1 — (Contianed). 

Lake  Erie,  at  Cleveland,  Ohio. 

Monthly  mean  of  water  levels  below  the  plane  of  reference  of  United 
States  Lake  Siirvey  (high  water  of  1838). 

Elevation  of  the  plane  of  I'eference  above  mean  tide  at  New  York  City 

is  575.20  ft. 


Year. 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

1871... 

3.66 

2.99 

3.54 

2.06 

1.79 

1.76 

1.78 

1.99 

2.16 

2.83 

3.01 

3.45 

2.42 

1872. . . 

3.53 

3.77 

3.86 

3.66 

3.22 

2.85 

2.86 

3.89 

8.12 

8.29 

8.62 

3.85 

3.38 

1873... 

3.95 

3.94 

3.87 

2.59 

1.92 

1.84 

1.86 

1.92 

2.32 

2.63 

2.82 

2.45 

2.67 

1874... 

3.06 

3.01 

1.98 

1.81 

1.72 

1.65 

1.62 

1.78 

2.24 

2.68 

3.10 

8.31 

2.16 

1875... 

3.54 

3.71 

3.57 

3.17 

2.70 

2.27 

2.14 

2.15 

2.29 

2.78 

2.93 

2.71 

2.83 

1876... 

2.75 

3.19 

1.54 

1.02 

0.70 

0.59 

o.ro 

1.00 

1.17 

1.70 

1.63 

1.96 

1.41 

1877. . . 

2.36 

2.58 

2.75 

3.33 

2.07 

1.99 

1.73 

1.89 

1.97 

2.37 

2.45 

2.37 

2.23 

1878. . . 

2.39 

3.15 

2.03 

1.60 

1..S4 

1.34 

1.34 

1.58 

1.71 

2.06 

2.36 

3.18 

1.82 

1879... 

2.60 

2.74 

2.71 

2.35 

2.20 

2.11 

2.08 

2.30 

3.63 

2.86 

3.33 

3.07 

2.58 

1880... 

3.57 

3.53 

3.39 

3.23 

1.96 

1.85 

1.76 

2.00 

3.23 

3.67 

2.75 

3.09 

2.34 

1881... 

3.50 

3.39 

3.07 

2.37 

1.97 

1.73 

1.78 

3.10 

2.45 

2.50 

2.68 

3.47 

2.50 

1883. . . 

3.00 

2.00 

1.55 

1.38 

1.13 

0.98 

1.05 

1.19 

1.46 

1.91 

2.23 

3.74 

1.63 

1883... 

3.83 

2.62 

2.43 

2.31 

1.85 

1.15 

0.95 

1.01 

1.82 

1.64 

2.02 

1.99 

1.84 

1884... 

2.32 

3.06 

i.87 

1.32 

1.05 

0.97 

1.19 

1.35 

1.78 

3.11 

2.59 

3.66 

1.77 

1885... 

2.84 

3.05 

3.19 

2.37 

1.64 

1.13 

1.17 

1.16 

1.31 

1.41 

1.53 

1.58 

1.87 

1886... 

1.56 

3.39 

2.48 

1.60 

1.30 

1.20 

1.22 

1.48 

1.67 

1.90 

2.31 

3.26 

1.77 

1887... 

2.49 

3.07 

1.26 

1.24 

1.06 

1.03 

1.27 

1.59 

1.82 

2.41 

2.68 

2.66 

1.80 

1888... 

3.84 

3.11 

3.01 

3.38 

2.13 

2.00 

1.85 

1.95 

2.89 

2.76 

3.70 

2.82 

2.50 

1889. . . 

3.80 

3.96 

3.13 

2.77 

2.59 

2.16 

1.96 

2.27 

2.66 

8.08 

8.35 

3.09 

2.78 

1890. . . 

2.78 

2.44 

3.32 

1.83 

1.49 

1.12 

1.50 

1.94 

2.18 

2.. 32 

3.35 

2.58 

2.06 

1891... 

2.80 

3.83 

2.36 

2.49 

2.67 

2.58 

2.63 

2.90 

3.08 

8.46 

3.90 

3.83 

2.96 

1892... 

3.80 

4.01 

3.97 

3.41 

2.61 

1.85 

1.73 

2.08 

3.40 

2.96 

3.29 

3.56 

2.97 

1893. . . 

3.94 

3.86 

3.64 

2.91 

3.07 

1.88 

2.16 

3.50 

2.88 

3.23 

3.63 

3.. 55 

3.02 

1894... 

3.27 

8.39 

3.36 

2.96 

2.57 

2.26 

2.. 38 

2.75 

2.92 

3.24 

3.48 

3.55 

3.01 

1895... 

3.88 

4.11 

4.10 

3.85 

3.63 

8.54 

3.65 

3.73 

3.83 

4.31 

4.41 

4.25 

3.94 

Mean 

25  vrs. 

3.88 

3.91 

2.76 

2.32 

1.96 

1.75 

1.78 

1.98 

2.24 

2.60 

2.84 

2.88 

2.41 

1871-95 
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Table  No.   1 — [Goutiiiued). 

Lake  Ontario,  at  Oswego,  New  York. 

Monthly  mean  of  water  levels  above  the  zero  of  the  United  States 
Engineer  gauge,  the  elevation  of  which  zero  is  24:4:.  21  ft.  above 
mean  tide  at  New  York  City. 


Year. 

Jan. 

Feet. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

Feet. 

1871 . . . 

1.94 

1.77 

1.98 

2.58 

3.00 

2.94 

2.78 

2.34 

2.00 

1.50 

1.09 

0.78;  2.06 

1872. . . 

0.61 

0.39 

0.23 

0.72 

0.84 

1.17 

1.23 

1.07 

0.78 

0.62 

0.57 

O.23I  0.71 

1873... 

0.19 

0.26 

0.38 

2.34 

2.88 

2.80 

2.76 

2.48 

2.06 

1.61 

1.48 

1.671  1.74 

1874. . . 

2.23 

2.6:^ 

3.18 

3.07 

3.05 

3.14 

3.09 

2.86 

2.22 

1.82 

1.25 

0.91'  2.45 

1875... 

0.61 

0.26 

0.52 

1.32 

1.59 

1.75 

1.78 

1.64 

1.43 

1.15 

0.96 

0.781  1.15 

1876. . . 

1.19 

1.85 

2.40 

3.. 38 

3.96 

4.18 

4.25 

3.79 

3.18 

2.84 

2.48 

2.30!  2.98 

1877... 

1.77 

1.50 

1.65 

2.34 

2.41 

2.31 

2.. 35 

2.08 

1.65 

1.22 

1.13 

1.26    1.81 

1878... 

1.36 

1.57 

2.27 

2.52 

2.86 

2.85 

2.81 

2.73 

2.47 

2.21 

2.09 

2.90|  2.39 

1879... 

2.69 

2.33 

2.18 

2.59 

2.68 

2.71 

2.55 

2.20 

1.78 

1.34 

0.95 

0.981  2.08 

1880. . . 

1.20 

1.48 

1.82 

2.00 

2:15 

2.39 

2.40 

1.97 

1.60 

1.19 

1.15 

0.98    1.69 

1881 . . . 

0.62 

0.61 

1.27 

1.69 

1.87 

2.09 

2.16 

1.84 

1.28 

1.06 

1.00 

1.06,  1.38 

1882. . . 

1.61 

1.78 

2.38 

2.71 

2.90 

3.41 

3.40 

3.07 

2.69 

2.18 

1.76 

1.47]  2.45 

1883... 

1.20 

1.26 

1.50 

2.02 

2.67 

3.37 

3.90 

3.72 

3.24 

2.80 

2.57 

2.43!  2.56 

1884... 

2.39 

2.76 

3.44 

4.05 

4.07 

3.97 

3.76 

3.53 

3.10 

2.68 

2.18 

2.03    3.16 

1885... 

2.02 

1.75 

1.47 

2.15 

2.95 

3.32 

3.46 

3.31 

3.09 

2.90 

2.95 

3.121  2.71 

1886... 

3.48 

3.55 

3.69 

4.31 

4.52 

4.32 

3.92 

3.48 

3.12 

2.83 

2.39 

2.30,  3.49 

1887. . . 

2.05 

8.80 

3.31 

3.52 

4.08 

4.04 

3.76 

3.25 

2.64 

2.25 

1.90 

1.63    2.<M 

1888... 

1.32 

1.18 

1.42 

2.05 

2.12 

2.16 

2.22 

2.12 

1.73 

1.37 

1.30 

1.291  1.69 

1889. . . 

1.50 

1.64 

1.81 

2.05 

2.20 

2.51 

2.70 

2.45 

1.89 

1.45 

1.05 

1.62    1.91 

1890. . . 

2.13 

2.48 

2.81 

3.05 

3.41 

4.04 

3.87 

3.20 

2.85 

2.52 

2.60 

2.39    2.95 

1891 . . . 

2.07 

3.33 

2.87 

3.35 

3.13 

2.71 

2.43 

1.99 

1.56 

0.92 

0.32 

0.29    2.00 

1892... 

0.39 

0.36 

0.49 

1.07 

1.13 

1.69 

2.20 

2.12 

1.92 

1.48 

1.21 

1.08    1.26 

1893... 

0.75 

0.64 

1.12 

1.87 

3.03 

3.25 

2.99 

2.45 

2.18 

1.66 

1.25 

1.10    1.86 

1894... 

1.44 

1.62 

1.92 

1.97 

2.15 

2.68 

2.48 

1.90 

1.39 

1.14 

0.81 

0.46    1.66 

1895... 

0.37 

0.31 

0.21 

0.76 

0.88 

0.76 

0.47 

+0.22 

—0.12 

—0.46 

—0.71 

—0.68    0.17 

Mean 

25  yrs. 

1.49 

1.56 

1.85 

2.38 

2.66 

2.83 

3.79 

2.47 

2.07 

1.69 

1.43 

1.38   2.05 

1871-95 

1 
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TABLE  No.  2. — Monthly  Chakges  in  Water  Level  of  the   Gkeat 
Cubic  Feet  pek  Second  pee  Month,  and  the  Cum- 

By   cumulative   eflfect  is   here  meant   the  increase  or  decrease  in  the 

level  in  the 


Superior. 

Michigan-Huron. 

Erie. 
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■a 
e 
o 

■6 

h 

ftrt 
3  o 

1    3 

i 

3  o 
1    3 

T3 
3 
O 

S^.3 

S 

"a 

"'a 

i-w 

"^s 

iw 

^ 

»-H 

iffl 

O  o 

^ 

S  o 

9.  c 

Q    O 

9  a 

«M 

<=  o 

IM 

B 

St: 

SS 

a 

^ti 

^M 

a 

SS 

C3 
O 

cK 

a 

o 

a  P. 

s 

a 
o 

nS. 

^■g 

p 
o 

p  p. 

m 

■kj 

■s 

■■§s 

a 

+j 

■5§ 

eS 

■■s^o 

03 

®  f. 

e8 

(D  <B 

<S    1 

*>  9-. 

05    1 

a>  <si 

c8    1     1 

2 

^ 

3 

bcOJ 

3  A 

2  5; -2 

6dd 

3  i.£ 

o 

s 

o 

S  2 

3 

S 

S  O  1- 

3 

£ 

g  O  !- 

3-Sfa 

3 

o 

3 

O 

3  ■" 

fa 

^ 

s-nw 

fa 

R 

fa 

m 

fa 

w 

o 

03 

o 

02 

o 

1871. 

January  

-0.09 

-  30 

+0.15+  71 

+  41 

-0.21 

—  22 

+  19 

—0.07 

—    5 

+  14 

February 

-0.60 

—209 

-0.08j—  40 

—249 

-0.33 

—  36 

-285 

-0.17 

—  14 

—299 

March 

--0.42 

—146 

- -0.60 +299 

-^45 
-1-264 
+347 
+  59 
+  38 
-  89 

--0.45 

--  49 

-H94 

--0.21 

—  17 

-511 
—302 

April 

--0.50 
--0.53 

4-0.12 
+0.07 
4-0.06 

4-0.10 

—168 
—178 
--  40 
—  24 

+  20 

--0.20-^  96 

-^0.48 
--0.27 
--0.03 
-0.02 
-0.21 

-r  51 
--  29 
-f    3 

—  2 

—  22 

] 

[-315 
-376 
-  62 
k  .36 

--0.60 
-H).42 
—0.06 
—0.16 
—0.44 

+  47 
+  33 

—  5 

—  13 

—  34 

—0.35 
--0.04 
4-0.03 
-0.23 

4-169 

—  19 

-  14 
—109 

+409 

+  57 
—  23 

July 

August 

—111 

—145 

September 

--  34 

-0.67 

-323 

-289 

-0.17 

-  18 

-307 

—0.34 

—  27 

-334 

October 

—0.07 

—  24 

-0.69 

—333 

-357 

-0.67 

—  71 

-428 

0.50 

—  39 

-467 

November 

—0.07 

—  24 

-0.05 

—  24 

-  48 

-0.18 

—  19 

—  67 

—0.41 

—  32 

—  99 

December 

1872. 
January  

—0.74 

—249 

—0.59 

-285 

—534 

—0.44 

-  47 

—581 

—0.31 

—  24 

—605 

-0.32 

—106 

-0.13 

—  62 

—168. 

-0.08 

—    8 

—176 

-0.17 

—  13 

—189 

February 

-0.11 

-  38 

0.00 

00 

—  38 

-0.24 

—  26 

—  64 

-0.22 

—  17 

—  81 

March 

—0.12 
-0.10 

—  41 

-  34 

—0.22 
-fO.25 

—108 
+121 

—149 

+  87 

—0.09 
+0.20 
--0.44 

—  10 

+  21 

—  47 

—159 

+108 

-0.16 
+0.49 

—  13 

+  39 

-172 

April 

hl47 

May 

—0.65 

—219 

--0.35 

+121 

—340 

--387 

-\-0A2 

+    9 
--  26 

_ 

-396 

June 

—0.38 

-128 

-0.37 

+178 

+306 

+0.37 

+  39 

+345 
--104 

+0.33 

- 

r371 

July 

—0.27 

—  91 

--0.03 

+  14 

—105 

-0.01 

—    1 

--0.06 

--    5 

_ 

-109 

August 

+0.17 

—  56 

-0.02 

—    9 

—  47 

-0.03 

—    3 

+  44 

—0.16 

-  12 

_ 

-  32 

September 

-0.16 

+  54 

—0.07 

—  34 

+  20 

-0.23 

—  24 

—    4 

-0.29 

-23 

—  27 

October 

—0.10 

—  34 

-0.12 

-  58 

-  92 

-0.17 

-  18 

-110 

-0.16 

—  13 

—123 

November 

—0.15 

—  50 

-0.29 

—140 

-190 

—0.33 

—  35 

—225 

-0.05 

—    4 

—229 

December 

1873. 
January  

—0.30 

-101 

-0.66 

-318 

-419 

-0.23 

-  24 

—443 

—0.34 

—  27 

-470 

-  0.10 

—  33 

0.00 

000 

—  33 

—0.10 

—  10 

—  43 

—0.04 

—    3 

—  46 

February 

—0.45 

-156 

+0.04 

4-  20 

-136 

+0.01 

+    1 

—135 

+0.07 

+    « 

—129 

March 

+0.03 

--  10 

-1-0.31 

4-155 

4-275 

+165  1+0.07 

+    8 

+173 

--0.12 
--1.96 

+  10 

- 

-i8;-< 

+0.01 

f    3 

-1-0.57 
+0.56 
4-0.63 

-1-278  +1.28 

+135 

-1-413 

+154 

h567 

May 

+0.60 

+202 

+270 

-1-472    -4-0.67 

+  71 

+543 

+0.54 

I  43 

_ 

-586 

June 

+0.30 

+101 

4-304 

-H05 

-^0.08 

+    « 

+413 

—0.08 

-    6 

-\ 

h407 

July 

+0.29 
+0.18 

+  98  1—0.04 
+  60  1+0.10 

—  19 

+  47 

+  79 
+107 

-0.02 
-0.06 

—  2 

—  6 

+  77 
+101 

—0.04 
-0.28 

—  3 

—  22 

+  74 

August 

+  79 

September 

4-0.06+  20  1—0.19 

-  92 

—  72 

—0.40 

—  42 

—114 

—0.42 

—  33 

—147 

October 

-0.10 

—  34 

-0.06 

—  29 

—  63 

-0.30 

—  32 

—  95 

—0.45 

—  35 

—130 

November 

—0.14 

-  47 

—0.23 

—111 

-158 

-0.20 

—  21 

—179 

—0.13 

—  10 

—189 

December 

1874. 
January  

—0.30 

—101 

-0.04 

—  19 

—120 

-K).37 

+  39 

—  81 

+0.19 

+  15 

-  66 

—0.45 

—149 

-0.04 

-  19 

—168 

+0.39 
--0.05 

+  41 

—127 

+0.56 

+  43 

-  84 

February  

—0.02 

—    7 

+0.29 
4-0.15 

+145 

+138 

+    5 

+143 
-^64 

+0.40  +  33 

-176 

March 

—0.04 

—  14 

+  75 

+  61 

--0.03 
--0.17 
--0.09 
--0.07 

+    3 

+0.55  +  45 

—109 

April 

—0.10 
4-0.07 
+0.20 
—0.38 

—  34 

—  24 

+  67 

—0.10 
—0.02 
-1-0.37 
—0.07 

-48 

—  10 
+178 

—  34 

—  14 
+  14 

+24.n 

+  18 
+  10 

+    7 

+    4 
-(-24 
4-252 

—0.11 
—0.02 
+0.09 

-  9 

—  2 

+    7 

—    5 

May 

+  22 

June 

+259 

July 

+128 

+  94 

--0.03 

+    3 
-  17 

+  97 

-0.05 

-    4 

+  93 

August 

+0.09 

+  30 

-ho.oi 

+  s 

+  35 

-0.16 

+  18 

-0.23 

—  18 

000 

September 

+0.10 

4-  20 

—0.25 

—121 

—  87 

-0.46 

-  49 

—1.36 

-0.64 

—  50 

-186 

October 

—0.06 

—0.35 

—169 

—149 

-0.44 

—  47 

-196 

—0.40 

—  32 

—228 

November 

—0.18 

—  61 

—0.20 

—  96 

-157 

-0.42 

—  44 

—201 

—0.57 

—  45 

—246 

December 

-0.31 

—104 

—0.34 

-164 

—268 

—0.21 

—  22 

—290 

—0.34 

—  27 

—317 
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Lakes,    with    Corresponding    Rates   or    Storage    in   Thousands    of 
TjiiATiYE   Effects   in    the   Lakes  below   Supeeior. 

normal  discharge  of  any  outlet  by  the  elimination  of  oscillations  of 
lakes  above. 


1875. 

January 

February  

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1876. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1877. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1878. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 


Superior. 


-0. 
— 0. 
+0. 
0. 
+0. 
+0. 
— 0 

tS: 

— 0. 
— 0. 
— 0. 

— 0. 
-0. 
— 0. 

:+o. 
io. 

— 0. 
— 0. 
— 0. 
-0. 

— 0. 
-(V. 
— 0. 


— 0 

0 

— 0 

-0 

— 0. 
+0. 
— 0. 
— 0. 

-1-0. 
+0. 
-0. 
— 0. 
+0. 
— 0. 
— 0 


32  —106 
04—14 

04!-l-  14 

OOl 

22-1-  74 
36'-(-121 
Oil—  3 
09, -f  30 
23'+  77 
15:—  50 
14—  47 
20—  67 

20—  66 
21  —  72 
09|—  30 
03  -f  10 
54'4-182 
68  4-229 
39+131 
11  +  36 
11  —  37 
33—111 
16  —  54 
28  j—  94 

36;— 119 
24—83 

26i—  90 
08  —  27 
01—  3 
22'+  74 
38  4-128 
06'+  20 
16  —  54 

OOl 

21 !—  71 
071—  24 


12—  40 
12  +  42 
771—268 
03  —  10 
27+  91 
28+  94 
07+  24 
12;—  40 
17!—  57 
07,+  24 
20  —  67 
32—104 


Michigan-Huron. 


—0.20  —  95 
—0.07  —  ,35 
1+0.06+  30 
-f-0.36  -^174 
4-0.56+270 
+0.24+116 

— o.as 

+0.17 
—0.07 
—0.15 
—0.21 
—0.19 


—0.05 
+0.20 
— 0..33 
—0.20 
—0.62 
—0.41 
—0.34 
—0.07 
-0.05 
—0.58 
+0.10 
—0.47 

-0.14 
-1-0.01 
0.00 
-HO. 38 
-0.11 
-1-0.07 
-0.03 
—0.12 
—0.21 
+0.01 
—0.12 
-0.06 

—0.12 
-0.07 
+0.16 
--0.02 
--0.30 
--0.14 
--0.01 
—0.32 
—0.20 
—0.11 
—0.13 
-0.32 


14 

+  81 

—  34 

—  72 
-101 

—  92 

—  24 

+  98 
+162 
4-  96 
-1-299 
+198 
-H164 

—  33 

—  24 
—280 
+  48 
—227 

—  66 
+    5 


+183 

—  53 
+  U 

—  14 

—  57 
—101 
+    5 

—  58 

—  29 

—  57 

—  35 

+  80 

—  10 
145 

68 

-I-    5 

152 

—  96 

—  53 

—  63 
—159 


3  2 

la 
-s  I 

£  O 
its  « 

<D  bo 


ST 

o 


—201 

—  49 
+  44 
—174 
—344 
—237 

—  17 
+111 
+  43 
—122 
—148 
—159 

90 
26 
+132 
106 
481 
-1-427 
--295 
3 
61 
—391 

—  6 
—321 


Erie. 


0.23  —  24 
0.17—  19 
+0.14+  15 
4-0.40-1-  42 
+0.47+  50 
4-0.43—  45 
4-0.13-f  14 
— O.Oll—  1 
— 0.14J—  15 
—0.49  —  52 
—0.15—  16 
-f-0.22  +  23 

-0.04—  4 
0.56I+  60 
■0.65  4-  70 

+0.52  +  55 
0.32  4-  34 

--0.11  -I-  12 


—0.11 
—0.30 
-0.17 
—0.53 
+0.08 
—0.34 


—185 

—  78 

—  90 
+156 

—  56 
+108  !+o 

4-114  14-0 

—  37 


—  12 

—  31 

—  18 

—  56 
+    8 

—  36 


—155 
+  5 
—129 

—  53 

—  97 
+  7 
—188 

00 
+236 
4-162 
4-  29 
—192 
—153 

—  29 
—130 
-203 


—  42 

—  17 

—  25 

+  45 

251+  26 
08'+  8 
24  +  25 
14—  15 
08—8 
40—42 


08 


+    8 


+0.08+  8 
4-0.14+  15 
+0.13+  14 
-1-0. 42'-^  44 
+0.26|-i-  27 

0.00 

0.00 

—0.24  —  25 
—0.13—  14 
—0.35  —  37 
—0.20  —  21 
+0.08+    8 


3S 

IK 


'5^ 


SOW 


3  si. 

a. 2 

3  " 
O 


—225 

-  68 

-t-  59 
+216 
4-394 
4-282 

—  3 
+110 
+  28 
-174 
—164 
—136 


—  94    4-0 


+ 

4-202 

—161 

—515 

—439 

+283 

—  28 

—  79 
-447 
+  2 
—357 

—227 

—  95 
—115 
+201 

—  30 
+116 
4-139 

—  52 
—163 

—  37 
—137 

—  45 


+  22 
—174 
+  44 
4-263 
4-162 
+  29 
—217 
—167 
—  66 
—151 
—255 


Ontario. 


Sg 


-0.30—  23 
—0.35—  29 
+0.26  +  21 
--0.804-  63 
--0.27+  21 
--0.16+  13 
--0.03+  2 
—0.14  —  11 
— 0.2l|—  17 
— 0.281-  22 
—0.19—  15 
-0.18-  14 


,41  +  32 
,66!+  53 
,55+  44 
,98:4-  77 
,58:4-  46 
,22  4-  17 


+ 


27 


—0.53  —  40 

-0.27!-  22 
+0.15+  12 
+0.69+  54 
+0.07:+  6 
—0.10—  8 
+0.04+  3 
—0.27—  21 
—0.43:—  34 
-4).43i—  34 
—0.09—  7 
+0.13+  10 

f0.10+  8 

0.21  +  17 

0.70l-h  57 

0.25+  20 

--0.34+  27 

—0.01—  1 

—0.041-  3 

—0.08-  6 

—0.26—  20 

—0.26'—  20 

— 0.12j—  9 

-t-0.8l!+  64 


S"0 

3  d 
OQ  3 
IK 

■8J..2 

3  i  ^ 

3  ^    I 

o 


—248 

—  97 

+  80 
-1-279 
-1-415 
4-295 

—  1 
+  99 

+  11 
—196 
—179 
—150 

—  62 
+139 

246 

238 

561 

-r456 

+289 

—  64 
—127 
-474 

—  26 
—371 

—267 
—117 
—103 
+255 

—  24 
+108 
+142 

—  73 
—197 

—  71 
—144 

—  35 

—  81 
+  39 
—117 
+  64 
4-290 
4-161 
4-  26 
—223 
—187 

—  86 
—160 
—191 
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1879. 

January  

February  

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1880. 

January  

February 

March 

April 

May 

June 

July 

August 

September. . . 

October 

November 

December 

1881. 

January  

February  

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1883. 

January  

February 

March. . .' 

April 

May 

June 

July 

August 

September 

October 

Noveniber 

December 

1883. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November  .   . . 
December 


Superior. 


4-  33 

—  14 
+104 
—131 
—131 
+  77 
+  81 
-j-  40 

—  37 
09;+  30 
081—  37 
30  j— 101 

33-106 

04|—  14 
091—  31 
03+  10 


Michigan-Huron. 


=  s 


-147 
+  5 
+  30 
—    5 


—0.31 

+0.01 

+0.04 

-0.01 

+0.13 

■0.07|+  34 

0.09  +  43 

0.19—  90 

—0.12,—  58 

—0.32—106 

-fl.32i-106 

+0.03  +  14 


+0.04 
—0.09 
+0.04 


+  19 
—  44 

+  30 


+333 
+379 
+  50 
—    3 


-0.l7i+  83 
+0.34' +1(54 
+0.54+2C.I) 


■w   1 
^  a 

ajTi 
^  I 

S-2 

3  " 
O 


36  -  86 
lOJ-  35 
09; _  31 
09!-  30 
30|-(-101 
44+148 
OeU-  30 
05l+  17 
23'+  77 
34+114 
07  _  24 
38;-  94 

35-116 

351-  87 

11  -  38 

08|—  37 

16  +  54 

03| 

45 

13 

04 

17 

02 

19 


—151 

—  40 
13 

—  57 

7 
64 


23-  76 
291—101 

OOi 

25|+  84 
01 1  +    3 

10;+   31 

25+  84 
021+  7 
04  —  13 
20  —  67 
15  —  50 
Hi-  37 


-1-0 .  22 

+106 

—0.03 

4-  14 

-0.30 

—145 

-0.34 

-164 

-0.33 

-1.54 

—0.17 

-  82 

+0.01 
4-0.21 

+    5 
+105 

+0.29|+145 

_0.09|-  43 

-0.49—236 

+0.23—111 

— 0.03i—  14 

0.00: 

-0.231—111 

+0.33+159 

-0.17-  83 

-0.10 

-  48 

-0.22—104 
—0.01  —    5 

+0.37+184 
4-0.13  --  63 
+0.10+  48 
+0.27| -1-130 
+0.06!+  29 
+0.19;+  90 
-0.131—  58 
—0.411-198 
—0.31—101 
— 0.33J— 159 

—0.36—13:3 

+0.04  +  20 
+  0.09  +  45 
+0.31  +101 
+0.48+231 
+0.361+174 
+0.60i-r389 
— 0.03|—  14 
—0.19—  92 
—0.23—106 
—0.451-217 
_0.08  —  39 


—114 

—  9 

+124 
—136 

—  58 
+111 
+124 

—  50 

—  95 

—  76 
—133 

—  87 


—  58 

—  11 
+  92 
+396 

4-539 
4-156 

+  11 
—145 
-181 
—174 
—169 

—  81 
+  70 
-fll4 

—  73 
—135 
+259 
+  6 
+  17 

—  34 
+273 
—106 
—143 

—330 

—  92 
146 

36 

103 

137 

+180 

—130 

—  45 
—255 
—108 
—233 

—199 

—  81 
+  45 
+185 
+234 
+308 
+373 

—  7 
—105 
—173 
—267 

—  76 


Erie. 


t? 


4-0.50 
4-0.04 
-1-0.14 
-i-0.16 
4-0.27 
4-0.11 
-i-0.09 
—0.24 
—0.23 
—0.44 
—0.08 
—0.34 

—0.41 
+0.11 
4-0.33 
+0.70 
+0.40 
-0.24 
—0.05 
-0.33 
—0.35 
—0.05 
—0.18 
+0.31 

+0.47 
0.00 
+0.45 
+0.22 
+0.20 
-1-0.15 
—0.07 
—0.14 
—0.27 
—0.45 
—0.32 
—0.51 

—0.09 
+0.21 
+0.19 
+0.13 
+0.46 
+0.70 
4-0.20 
—0.06 
—0.31 
—0.33 
—0.38 
+0.03 


S.2 


■sw 


+  49 

+  '49' 
33 


I 


I 


Ontario. 


—0.31 
—0.36 
—0.15 
+0.41 
4-0.09 
+0.03 
—0.16 
—0.35 
—0.42 
—0.44 
—0.39 
-t-0.03 

—0.22 

--0.38 

0.34 

0.18 

0.15 

+0.24 

■0.01 

0.43 

—0.37 

—0.41 

—0.14 

—0.17 

—0.36 
—0.01 
+0.66 
4-0.42 
4-0.18 
4-0.22 
+0.07 
—0.32 
—0.56 
—0.33 
0.00 
0.00 

+0.55 
+0.17 
+0.60 
4-0.. 33 
4-0.19 
+0..51 
—0.01 
—0.33 
-0.38 
—0.51 
—0.42 
—0.39 


—0.37 

+0.06  + 

+0.34 -h 
-0.53  + 
-0.65  + 
-0.70  + 

+0.53  + 

—0.18  — 

—0.48 

—0.44 

—0.23 

—0.14  — 


§2 


—  16 

—  29 

—  12 
+  33 

ll 

—  13 

—  27 

—  33 

—  35 

—  31 


^23 
i    07 

t  l-l 

til 
±.l 

—  39 

—  33 

—  11 

—  13 

—  28 

—  1 
54 
33 

—  14 

—  17 
+    6 

—  25 

—  44 

—  17 


+  43 

—  14 
--  49 

—  36 

—  15 

—  40 

—  1 

—  36 

—  30 

—  40 

—  33 

—  S3 


p  o 

cc  •- 

^  I  I 

3   !-.£ 

p  2  - 
o 


—174 

—  53 
+115 

—  66 

—  35 
+123 
+114 
—100 
—163 
—135 
—214 

—  58 

—  18 

—  33 
+  31 
+123 
4-437 
-f-570 
+167 

—  47 
—198 
—260 
—193 
—218 

—152 
+  81 
—203 

—  34 

—  79 
+301 

4-  7 

—  41 
-115 
+251 
—125 
—130 

—138 

—  78 
-hS44 

85 
+138 
193 
172 
+  89 
—104 
—343 
—175 
-300 

—229 

—  53 

+  86 
+239 
+334 

4-337 
+436 

—  27 
—176 
—242 
—335 

—  84 
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{^Continued). 


Superior. 


§2 

a  a> 
—  P. 


MiCHTGAN-HURON. 


O  O 

8£ 


5  o 


m 


Erie. 


o  o 
8S 


3  O 


II 


Ontario. 


o2 


0)  cS  o 

^.2  0 

sa9 


—0.07 
-0.03 
—0.12 
—0.29 

+0.22 
+0.20 
•4-0.14 
-1-0.01 
-i-0.27 
+0.36 
—0.10 
—0.21 


January  

February  

March 

April 

May 

June 

July 

August 

September. . . 

October 

November  . . . 
December 

1885. 

January  

February  

March 

April 

May 

June 

July 

August 

September... 

October 

November  . . . 
December —0.33 

1886.  1 

January —0.20 

February —0.18 


—0.23 
—0.18 
-0.08 
-0.0.5 

+0.33 
+0.28 
+0.24 
+0.12 
—0.07 
-0.17 
—0.15 


March. 

April 

May 

June. . . 

July 

August 
September. . . 


0.06 

+0.09' 
+0.251 
+0.14 1 
+0.07! 

0.09; 

0.02' 


October i+O.lOj 


0.151 
0-14! 


November 

December 
1887. 

January . . 

February . 

March 

April 

May 

June i+0.16i 

July +0.28| 

+0.08 
— 0.14[ 
-0.07| 
—0.24 
-0.22! 


—0.31 

+0.02| 

4-0.31 
4-0.17 
—0.21 


August 

September 

October 

November 

December 

1888. 

January  

February 

March. . .' 

April. 

May 

June 

July 

August 

September 

October 

November 

December 


-0.11 
+0.01 
—0.07 
0.00 
+0.47 
+0.78 
-1-0.19 
+0.14 
—0.05 
—0.09 
—0.14 
-0.35 


—  23 

—  10 

—  41 

—  98 
+  74 
+  67 
+  47 
-4-  3 
+  91 
+121 

—  34 

—  71 

—  76 

—  63 

—  28 

—  17 
-1-111 
4-  94 
+  81 
+  40 

—  34 

—  57 

—  .50 
—111 

—  66 

—  45 

—  21 
+  30 
+  84 

■  47 
24 

—  30 

—  7 
+  34 

—  .50 

—  47 

—103 

+ 
+108 
+  57 

—  71 
+  54 
+  94 
+  26 

—  47 

—  24 

—  81 

—  74 

—  36 

+  3 

—  24 


t 


-1-158 
+262 
+  64 
+  46 

—  17 

—  .30 

—  47 
—118 


—0.22 
+0.12 
+0.25 
+0.18 
-i-0.21 
+0.16 
—0.16 
—0.14 
—0.25 
0.00 
—0.36 
—0.03 

+0.01 
+0.23 
—0.04 
+0.19 
-fO.36 
-^0.21 
-f-0.09 
+0.21 
—0.14 
-0.14 
—0.30 
-0.29 

+0.23 
-i-0.02 
+0.28 
+0.2: 
4-0.26 
+0.07 
—0.19 
—0.23 
—0.24 
-0.10 
—0.34 
—0.33 

—0.08 
+0.37 
4-0.16 
—0.05 
+0.20 
4-0.13 
-0.06 
-0.14 
—0.34 
—0.45 
—0.33 
-0.12 

-0.18 
—0.05 
+0.18 
+0.21 
4-0.38 
4-0.27 
+0.01 
—0.12 
—0.15 
—0.25 
—0.05 
—0.58 


—104 
+  59 
+123 
+  87 

4-101 

+  77 

—  77 

—  66 
-121 


—174 

—  14 

+    5 

•ms 

—  20 

+  92  i 
+174| 
+101 
+  43| 
+IOOI 

—  68- 

—  68 
—1451 
—140 

4-109 1 
+  lOi 
+140; 

4-130; 

4-125' 
+  34i 

—  92: 
—109 1 
— 116l 

—  48 
—164 

-159 


+1841 
+  80: 

—  24) 
+  96| 
+  63; 

—  29; 

—  66 
—1641 
—217] 
—159 
-.58i 

—  85' 

—  25 
+  88 
-flOl 
+183 
+130 
+    5 

—  57 

—  72 
—121 

—  24 
-280 


—127 

+  49 
+  82 

—  11 
+175 
+144 

—  30 

—  63 

—  .30 
+121 
—208 

—  85 


—0.33  —  34 

-H».26|  +  28; 

+0.19  +  20! 

+0.551  +  58: 

+0.27;  -Y  291 

+0.08i  +    8i 


—0.22: 
—0.16! 
—0.431 

-o.asi 

—0.48 
—0.07; 


—  71 

+  52 


—0.18 
—0.21 
—0.14 
+0.82 
4-0.73 
+0.51 
—0.04 
+0.01 
—0.15 
—0.10 
195  —0.12 
251    —0.05 


+  75 
■285 

+195 
124 
14(1 
92 

—125 


+  43 

—  35 
+119 
+160 
+209 
+  81 

—  68 
—139 
—123 

—  14 
-214 
—206 

—141 

+191 
+188 
+  33 
+  25 
+117 
+  65 

—  40 
—211 
—241 
—240 
—132 

—121 

—  22 

+  64 
+101 
+341 
-1-392 
+  69 

—  11 

—  89 
—151 

—  71 
—398 


+0.02 
-0.73 
—0.19 
+0.88 
+0.30 
+0.10 
—0.02 
—0.21 
—0.24 
—0.23 
—0.41 
+0.05 

-0.23 

+0.42 
4-0.81 
+0.02 
+0.18 
+0.03 
—0.24 
—0.32 
—0.23 
-0..59 
-0.27 
+0.02 

-0.18 
—0.27 
+0.10 
+0.63 
4-0.25 
4-0.13 
+0.15 
—0.10 
—0.44 
— O..37 
+0.06 
—0.12 


23 

—  17 

—  45 

—  35 

—  51 

—  7 

—  19 

—  23 

—  15 

+  87: 
+  77! 
+  54, 

—  4! 

+    1 

—  16 

—  11 

—  13; 

—  5; 

+   si 

—  80| 

—  211 
+  93 
+  32 
+  11 

—  2 

—  22 

—  25 

—  24 

—  43 
+  5 

—  24 

+  46 
+  89 
+  2 
+  19 


+ 


31 
25| 
-.33 

—  24I 

—  62j 
-29! 
+    2' 

—  191 

—  291 

+  111 

+  67: 

+  26 
+  14 
+  16 

—  10 

—  47 

—  39 
-4    6: 

—  13 


—161 

+  77 
4-102 
4-47 
-^204 
+152 

—  53 

—  80 

—  75 
+  86 
—259 

—  92 

—  90 
-^  29 

—  63 
-hl62 
+362 
+249 
4-120 
4-141 
—108 
—136 
—208 
—256 

+  45 
—115 
+  98 
+253 
+241 
+  92 

—  70 
—161 
—148 

—  38 
—257 
—201 

—165 
+237 

_i_277 

4-  35 

+  i"^ 
+1S0 

+  40 

—  73 
—235 
—303 
—269 
-130 

—140 

—  51 

^75 
4-168 
+367 
-H06 
+  85 

—  21 
—136 
—190 

—  65 
—412 


0.04 

+0.37 
+0.68 
4-0.61 
+0.02 
—0.10 
-0.21 
—0.23 
—0.43 
—0.42 
—0.50 


—0.15    —  12 


—0.01 
—0.27 
—0.28 
+0.68 
4-0.80 
+0.37 
4-0.14 
—0.15 
—0.22 
-0.19 
+0.05 
+0.17 

+0.36 
+0.07 
-1-0.14 
-1-0.62 
+0.21 
—0.20 
—0.40 
-0.44 
—0.36 
-0.29 
—0.44 
-0.09 

—0.25 

+0.75 
+0.51 
4-0.21 
+0.56 
—0.04 
—0.28 
—0.51 
—0.61 
—0.39 
-0.35 
-0.37 

-0.31 

—0.14 
+0.24 
4-0.63 
-^0.07 
+0.04 
4-0.06 
—0.10 
—0.39 
—0.36 
0.07 
0.01 


—  3 

+  30 
+  54 
+  48 
+    2 

—  8 

—  17 

—  18 

—  34 

—  33 
39 


—  1 

—  22 

—  23 
+  .54 
4-  63 
+  29 

+  11 

—  12 

—  17 

—  15 

+  4 
+  13 


+  28 

Xi 

+  49 
+  17 

—  16 

—  3! 

—  34 

—  28 

—  23 

—  35 

—  7 


—  19 

+  61 
'    42 
17 
44 
3 

—  22 

—  40 

—  48 

—  31 

—  27 

—  21 

—  24 

—  11 

+  19 
+  50 
+  6 
+  3 
+    5 

—  8 

—  31 

—  28 


-164 
+107 
+156 
+  95 
+206 
+144 

—  70 

—  98 
—109 
+  53 
—298 
—104 

—  91 

+    7 

—  86 
216 
425 

+278 
131 
—129 
—125 
—151 
—304 
—343 

+  L^ 
— lOi) 

+109 

+302 

+258 

+  76 

—102 

—195 

—176 

—  61 
—292 
—208 

-184 

-i-298 
4-319 
+  52 
+  88 
+117 
+  18 
—113 
—283 
—334 
—396 
—151 

—164 

—  63 
+  94 
--218 
--373 
--409 
--  90 

—  29 
—167 
—218 

—  71 
-^13 
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January 

February  

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1890. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1891. 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1892. 

January  

February 

March 

April 

May 

June 

July 

August 

September  .  . . 

October 

November  . . . . 
December 


Superior. 


—0.32 
—0.22 
-0.17 
-1-0.01 
-1-0.35 
--0.12 
0.19 
0.19 
-1-0.13 
—0.16 
—0.31 
—0.30 

—0.14 
—0.13 
—0.24 
—0.03 
-1-0.21 
4-0.45 
4-0.30 
-t-0.15 
-f-0.13 
—0.03 
—0.21 
—0.36 

—0.36 
—0.13 
—0.04 
—0.04 
-f-0.20 
-1-0.05 
4-0.20 
4-0.07 
—0.06 
-f0.05 
-0.11 
—0.41 

0.00 
—0.28 
-0.13 
-f-0.01 
-fO.33 
-1-0.38 
4-0.03 
-1-0.12 
+0.05 
—0.10 
—0.17 
-0.28 


Michigan-Huron. 


4> 


•S*^ 


—106 

—  77 

—  59 

-i-118 
+  40 
+  64 
+  63 
+  44 

—  54 
—104 
—101 

—  46 

—  45 

—  83 

—  10 
+  71 
+151 
-1-101 
+  50 
+  44 

—  10 

—  71 
—121 

-119 

—  45 

—  14 

—  13 
+  67 
+  17 
+  67 
^23 

—  20 
+  17 

—  .37 
—139 


—  96 

—  44 

+  3 
+111 
+128 
+  10 
-I-  40 
+  17 

—  34 

—  57 

—  94 


-0.02 
—0.03 
—0.02 
+0.01 
+0.08 
-1-0.46 
+0.18 
—0.24 
—0.17 

0.25 
—0.35 

0.18 

0.08 
0.04 
—0.02 
+0.32 
—0.23 
—0.41 
—0.07 
—0.08 
-0.20 
—0.11 
—0.34 
—0.35 

-0.02 
—0.24 
4-0.19 
-M)-31 
+0.10 
-1-0.15 
—0.17 
—0.07 
—0.23 
—0.36 
—0.40 
0.06 


— 0 


12 
-0.19 

0.10 
■0.06 
-0.42 
.45 
•0.01 
-0.08 
-0.20 
■0.24 

,'.27 
-0.27 


a  ft 


—  9 

—  15 

—  10 
+  5 
+  39 
+222 
+  87 
—114 

—  82 
—121 
—169 


+  38 

—  20 

—  10 
+154 
+111 
+198 
+  34 

—  38 

—  96 

—  53 
—164 
—169 

—  9 
—120 
-\-  95 
+150 
+  48 
+  72 

—  82 

—  33 
—111 
—174 
—193 

—  29 

+  57 
+  93 

—  49 
+  29 
-f-203 

■[-217 
+  5 
+  38 

—  96 
—116 
—130 
—1.30 


3  O 
I   ^ 


Erie. 


—115 

—  92 

—  69 
+  8 
+157 
+262 
+151 

—  51 

—  38 
—175 
—273 


—  8 

—  65 

—  93 
+144 
+182 
+349 
-rl35 
+  12 

—  52 

—  63 
-235 
—290 

—128 
—165 
+  81 
+137 
+115 
+  89 

—  15 

—  10 
—131 
—157 
—230 
—168 

+  57 

—  3 

—  93 
+  32 
+314 
-1-345 
+  15 
+  78 

—  79 
—150 
-187 
—224 


+0.02 
—0.16 
—0.16 
+0.35 
+0.18 
+0.43 
4-0.20 
—0.31 
—0.39 
—0.42 
-0.27 
+0.26 

-1-0.36 
+0.29 
+0.12 
+0.49 
4-0.34 
4-0.37 
—0.38 
—0.44 
—0.19 
—0.19 
—0.03 
—0.23 

—0.22 
—0.02 
+0.46 
-0.13 
—0.18 
+0.14 
—0.10 
—0.27 
—0.18 
—0.38 
—0.44 
+0.07 

+0.03 
—0.21 
+0.04 
+0.56 
4-0.80 
+0.76 
+0.12 
—0.35 
—0.32 
—0.56 
—0.33 
—0.2' 


o  o 


+    2 

—  17 

—  17 
+  37 
+  19 
+  45 
+  21 

—  32 

—  41 

—  44 

—  29 
+  27 

+  .37 
+  32 
+  13 
+  52 
+  36 
+  39 

—  40 

—  46 

—  20 

—  20 

—  3 

—  24 

—  23 

—  2 

+  50 

—  14 

—  19 
+  15 

—  11 

—  28 

—  19 

—  40 

—  47 
+    7 


+    3 
23 

4 

58 
85 

+ 

+  18 

—  36 

—  S-J 

—  59 

—  .35 

—  29 


t 


ftp 
3  O 

I   ^ 


-2  I    . 

eo'C 

O 


—113 
—109 

—  86 
+  45 
+176 
-t-307 
+172 

—  83 

—  79 
—219 
-302 
—161 

-f  29 

—  .33 

—  80 
+196 
+218 
-1-388 
+  95 

—  34 

—  72 

—  83 
—238 
—314 

—151 
—167 
+131 
+123 
+  96 
+104 

—  26 

—  .38 
—150 
—197 
—277 
-161 

+  60 

—  26 

—  89 
+  90 
+399 
-1-425 
+  28 
+  42 
—113 
-209 
—222 
—253 


tS: 


Ontario. 


21 

0.14 

+0.17 

-1-0.24 

+0.15 

+0.31 

+0.19 

0.25 

-0.56 

0.44 

0.40 

0.57 

4-0.51 

+0.35 

+0.33 

-J-0.24 

+0.36 

+0.63 

0.17 

0.67 

—0.35 

0.33 

+0.08 

—0.21 

-0.32 
+0.26 
+0.54 
+0.48 
—0.22 
—0.42 
-0.28 
—0.44 
—0.43 
—0.64 
—0.60 
-0.03 

+0.10 
—0.03 
+0.13 
+0.58 
+0.06 
-H).56 
+0.51 
-0.08 
—0.20 
—0.44 
—0.27 
—0.13 


t 


16 
11 
+  14 
+  19 
4-  12 
-j-  24 
+  15 

—  19 

—  44 

—  35 

—  32 
+  45 

+  40 
+  29 
f  27 
+  19 
+  28 
+  50 

—  13 

—  52 

—  28 

—  26 

+  « 

—  17 

—  25 

+  21 
+  44 
+  38 

—  17 

—  33 

—  22 

—  34 

—  34 
-  50 

—  47 

—  2 


+  8 

—  2 
+  10 

46 

5 

44 

+  40 

—  6 
16 
35 
21 
10 


t 
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Superior. 


82 
<=  S 


1893. 
January  . . 
February . 

March 

April 

May 

June 

July 

August  . . . 
September 

October j— 0.03 

November | — 0.16 

December 

1894. 
January . 
Februai'y 
March. . .'. 

April 

May 14-0-78 

June -I-0.22 

July 1-1-0.06 

August 14-0-13 


—0.28 
— 0.09| 

-1-0.05 
-4-0.10 

-j-0.50; 
-fO.52 

4-0. 30| 
-1-0.06, 
— O.Oi): 


-0.23 

—0.18 
-0.18 
-f0.09 
-f-0.15 


Michigan-Huron. 


—  93  —0.01 

—  31  +0A4 
+  17-hO.ll 
-(-  34i4-0.46 
-L168  +0.30 
-hi 75  -fo.as 


September 

October 

November 

December 

1895. 

January  

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Mean  for  25 
years. 
1871-95. 

January  

February 

March 

April 

May 

June 

July 

August  ... 

September 

October 

November 

December 


0.08 

0.03 

0.05 

-0.19 

—0.30 
—0.22 
-0.17 
-0.10 
+0.37 
+0..32 
-H).20 
+0.05 
+0.14 
+0.05 
—0.29 
-0.33 


-0.26 
—0.15 
—0.06 
+0.01 
-^0.30 
+0.31 
+0.31 
+0.08 
+0.03 
—0.03 
—0.15 
-0.28 


+101 
+  20 

—  30 

—  10 

—  54 

—  77 

—  60 

—  63 

-4-  31 

+  50 
+262 

+  74 
+  20 
+  43 

—  27 
+  7 

—  17 


—  99 

—  77 

—  59 

—  34 

+134 
+108 
+  67 
+  17 
+  47 
+  17 

—  98 
—111 


+0.02 
—0.17 
—0.32 
—0.14 
-0.39 
—0.07 

+0.01 
+0.03 
+0.26 
+0.15 
+0.54 
4-0.16 

-1-0. re 

—0.08 
—0.43 
—0.21 
—0.27 
-0.35 

-0.18 
—0.11 
—0.03 
+0.20 
+0.16 
+0.05 
—0.11 
—0.12 
—0.27 
—0.37 
—0.22 
-0.11 


-0.04 
+0.05 
+0.13 
+0.23 
4-0.25 
+0.26 
+0.04 
-0.05 


—  86 

—  52 

—  21 

-f    3 

4-101 

-hl04 
+  70 
+  36 
+    71-0.24 

—  10,-0.32, 

—  50;— 0.35; 

—  94—0.24 


—  5, 

+  70, 
+  55! 
+223: 
+145 
+159 
+  10, 

—  «1 
—154' 

—  68i 
—188 

—  34 

+  5, 
+  15; 
+130; 
+  72 
+260 1 
+  771 
+  14 

—  38i 
-207, 
—101 
—130 
-169 

—  85; 

—  55 

—  15 
+  96; 

+  77; 

+  24| 

—  53 

—  57 
—130; 
—178, 

— loe! 

—  53 


—  19 
+  25 
+  65 
+110 
+120 
+125 
-M9 

—  24 
—115 
—106 
—120 
—115 


==5 
w  p 

1  3 

of 
£  C 
Stl  s 
®  be 


1^ 

6.C 


+  39 
+  72 
+256 
+313 
+334 
+111 

—  61 
—184 

—  78 
—242 

—  111 

—  55 

—  48 
+161 
-L122 
+532 
+151 
+  34 
+  5 
—234 

—  94 
—147 
—333 

—18-1 
—132 

—  74 
+  62 
+201 
+132 
+  14 

—  40 

—  83 
—161 
—204 
—164 


—105 
—  27 
+  44 
4-113 
+221 
+229 
4-  89 
+  2 
—108 
—116 
—170 
—209 


Erie. 


i— 0..38 

;+o.o8 

'-L0.22 
+0.73 
+0.84 
4-0.19 
1—0.38 
—0.34 
1—0.38 
;— 0.a5 
1-0.40 
j+0.08 

!-H).28 
i-0.12 
i+0.03 
4-0.40 
1+0.39 
1+0..31 
—0.12 
—0.37 
—0.17 
—0.32 
—0.24 
—0.07 

—0.33 
—0.23 
+0.01 
+0.25 
+0.32 
4-0.09 
—0.11 
—0.08 
-0.10 
—0.48 
-0.10 
+0.16 


0.00 
—0.03 
+0.15 
+0.44 
4-0.36 
+0.21 
—0.03 
—0.20 
—0.36 
-0.36 
—0.34 
-0.04 


I 

Jrffi 

EH   ^ 


s  I  ■ 

3  i.2 


—  40 

+  24* 

+  77i 
+  89; 
+  30' 

—  30i 

—  35 

—  40 

—  37! 

—  42 
+    8j 

+  29, 
-13| 
+    3, 

+  42, 

■    4li 


T 


13 

—  39 

—  18, 

—  34 

—  25 

—  7 

—  34 

—  25 

+  1 
4-  26 
+  33 

+  ^2 

—  12 

—  8 

—  11 

—  51 

—  11 

+  17 


0 

—  3 

+  16 
+  46 

+  ;i8 
+  22 

—  3 

—  21 

—  27 

—  38 

—  251 

—  4 


—138 
+  48 
--  96 
--.333 
--402 
--354 
--  81 

—  96 
—224 
—115 
—384 
—103 

—  26 

—  61 

+164 
+164 
+563 
+184 
+  21 

—  34 
—253 
—128 
—173 
—240 

—218 
—157 

—  73 
+  88 
+234 
+142 
4-    2 

—  48 

—  94 
—212 
—215 
—147 


—105 

—  30 
+  60 
+159 
+359 
+351 
+  86 

—  19 
—135 
—154 
—195 
—213 


Ontario. 


13 

a 

o 

«A 

D 

a 

s 

o  (3 

i-c    U 

® 

3 

a  a 

« 

^1 

3 

iC^ 

3 

o 

U. 

X 

—0.33 

-26 

—0.11 

-    9 

—0.48 

--  39 

—0.75 

--  59 

—1.16 
—0.22 

4-  91 

+  17 

-0.36 

—  20 

— 0.&4 

—  42 

—0.37 

—  21 

-0.53 

—  41 

-0.41 

-  32 

-0.15 

—  13 

+0.34 
--0.18 

_| 

h26 

- 

-  15 

--0..30 
--0.05 

- 

-  24 

- 

-    4' 

4-0.18 

- 

-  14 

+0.53 

- 

-  42 

—0.30 

—  16 

-0.58 

—  45 

—0.51 

—  40 

-0.25 

—  30 

—0.33 

—  26 

-0.35 

—  28 

-0.09 

—    7 

—0.06 

—    5 

—0.10 

-    8 

--0.55 
--0.12 

--  43 
--    9 

—0.12 

—    9 

—0.29 

—  23 

—0.25 

—  19 

—0.34 

—  37 

—0.34 

—  27 

—0.25 

-  20 

+0.03 

4-  2 

+0.11 

-1 

1-    8 

--0.07 

- 

-    6 

--0.28 

- 

-  22 

--0.53 

- 

-  41 

--0.38 

J 

L  21 

+0.16 

J 

i-  12 

—0.03 

—    2 

-0.33 

—  25 

—0.40 

-  32 

—0.38 

—  30 

—0.26 

—  21 

—0.05 

—    4 

■■5SP 


—164 
+  39 
4-135 
+392 
-1-493 
+371 
+  61 
—138 
—245 
—156 
—316 
—115 

0 

—  46 
188 
168 
577 

—226 
+    5 

—  79 
—292 
-148 
—198 


—225 
—162 

—  81 
131 
233 

--133 

—  21 

—  67 
—121 
—239 
—235 
—145 


—  97 

—  24 

+  82 
4-200 
+280 
+263 

—  84 

—  44 
—167 
-184 
—216 
—217 
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TABLE  No.  3. — Oscillations  in  Mean  Annual  Levels  of  the  Great 

PEE  Second  fob  each  Peeiod  of  One  Yeae.     The  Table 

Effect  at  each  Lake  by  Adding 


Period. 

Lake  Superior. 

Michigan-Huron. 

Fluctuation. 

Storage. 

Fluctuation. 

Storage  for 
single  lake. 

Cumulative 
storage. 

1870-71   

-0.36 
-0.04 
-1-0.45 
-(-0.8 
-HO. 11 
-fO.39 
—0.62 
—0.57 
—0.44 
4-0.  &3 
-hO.45 
0.00 
-0.20 
-0.11 
+0.35 
—0.30 
f0.03 
+0.40 
—0.14 
—0.14 
-0.31 
-0.18 
+0.35 
+0.70 
4-0.06 

-10.1 

—  1.1 
+12.6 
+  2.2 
+  3.1 
+11.0 
—17.4 
—16 
—13.8 
+  9.3 
+13.6 

0.0 

—  5.6 

—  3.1 
+  7.0 
-8.4 
+  0.8 

-Ml -2 
-3.9 

—  3.9 

—  8.7 

—  5.1 

+  9.8 
+19.7 

+  1.7 

-0.07 
—1.28 
+0.65 
+0.49 
—0.35 
-1-1.13 
—0.33 
-0.31 
—0.93 
+0.14 
+0.52 
+0.37 
+0.15 
4-0.10 
-1-0.25 
+0.24 
-0.64 
—0.61 
—0.55 
—0.11 
-0.56 
—0.11 
-1-0.38 
-0.13 
—1.04 

—  2.8 
-51.6 
+26.3 
+19.8 
—10.1 
+45.5 

—  9.3 
—13.5 
—37.1 
+  5.6 
+21.0 
+14.9 
+  6.1 
+  4.0 
+10.1 
+  9.7 
—25.8 
—34.6 
—22.2 

—  4.4 
—22.6 

—  4.4 
+11.3 
-4.8 
-41.9 

-12.9 

1871-72 

-52.7 

1872-73 

+38.8 

1873-74 

+22.3 

1874-75    

-7.0 

1875-76 

+56.5 

1876-77 

—36.7 

1877-78 

-28.5 

1878-79 

1879-80 

-50.9 

+14.9 

-33.6 

1880-81     

1881-82 

+14.9 

-f  0.3 
+  0.9 

1882-83 

1883-84 

1884-85    

+17.1 

1885-86 

+  1.3 

1886-87 

—25.0 

1887-88 

-13.4 

1888-89 

—26.1 

1889-90 

-  8.3 

1890-91    

—31.3 

1891-93 

—  9.5 

1892-93 

--31. 1 

1893-94    ., 

-14.9 

1894-95    

^.2 

CHITTENDEN  ON  RESERVOIR  SYSTEM  OF  GREAT  LAKES.       399 


Lakes,  and   the  Equivalent  Storage  in  Thousands   of  Cubic  Feet 
Gives  the  Values  for  each  Lake  and  the  Cumulative 
the    Storage   in   Those   Above. 


Erie. 

Ontario. 

Period. 

Fluctua- 

Storage for 

Cumulative 

Fluctua- 

Storage for 

Cumulative 

tion. 

single  lake. 

storage. 

tion. 

single  lake. 

storage. 

1870-71 

—0.59 

-  5.2 

—18.1 

—1.41 

—  9.3 

—27.4 

1871-72 

-0.96 

-  8.5 

-61.2 

—1.35 

-  8.9 

—70.1 

1872-73 

+0.71 

+  6.3 

-H5.1 
+26.5 

+1.03 

-t-  6.8 

+51.9 

1873-74 

-1-0.51 

+  4.5 

-1-0.71 

+  4.7 

+31.2 

1874-75 

—0.67 

-5.9 

-12.9 

—1.30 

—  8.6 

—21.5 

1875-76 

+1.42 

+12.6 

+69. 

+1.83 

+12.1 

-f81.2 

1976-77 

—0.82 

—  7.3 

—33.9 

-1.17 

—  7.7 

—41.6 

1877-78 

-H).41 

+  3.6 

—24.9 

+0.58 

+  3.8 

—21.1 

1878-79 

—0.76 

-6.7 

—57.6 

—0.31 

—  2.0 

—59.6 

1879-80 

+0.24 

+  2.1 

--17.0 

—0.39 

—  2.6 

—14.4 

1880-81 

-0.16 

—  1.4 

-32.2 

--22.6 

—0.31 

—  2.0 

-1-30.2 

1881-82 

+0.87 

4-  7.7 

--1.07 

--7.0 
--  0.7 

-1-33.3 

1882-83...... 

—0.21 

—  1.9 

—  1.6 

--0.11 

-0.5 

1883-84 

+0.07 

+  0.6 

--  1.5 
--16.2 

--0.60 

--  4.0 

-  5.5 

1884-85 

—0.10 

-0.9 

—0.45 

—  3.0 

--13.2 

1885-86 

+0.10 

+  0.9 

--  2.2 

-H).78 

+  5.1 

--  7.3 

1886-87 

—0.03 

-  0.3 

-25.3 

-0.55 

-^3.6 

—28.9 

1887-88 

—0,70 

—  6.2 

—19.6 

—1.25 

—  8.2 

—27.8 

1888-89 

—0.23 

—  2.0 

—28.1 

+0.22 
4-1.04 

+  1.5 

—26.6 

1889-90 

+0.67 

+  5.9 

—  2.4 

+  6.9 

+  4.5 

1890-91 

—0.90 

-  8.0 

—39.3 

—0.95 

—  6.3 

-45.6 

1891-92 

—0.01 

—  0.1 

—  9.6 

—0.74 

—  4.9 

—14.5 

1892-93 

—0.05 

—  0.4 

+20.7 

+0.60 

+  4.0 

-4-34.7 

1893-94 

+0.01 

+  0.1 

+15.0 

—0.20 

-1.3 

+13.7 

1894-95 

-0.93 

—  8.2 

—48.4 

—1.49 

—  9.8 

-58.2 
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TABLE  No.  4. — Storage  in  Thousands  of  Cubic  Feet  per  Second 
Represented  by  a  Uniform  Rise  or  Fall  of  1  Ft.  and  of  6  Ins. 
FOR  Periods  Varying  from  1  to  6  Months,  in  the  Great  Lakes 
OF  THE  St.  Lawrence  Basin. 


Lake 
Superior. 

Lake  Michigan- 
Huron. 

Lake  Erie. 

Lake  Ontario. 

Time. 

j 

l£t. 

6  ins. 

1ft. 

6  Ins. 

1  ft. 

6  ins. 

1  ft. 

6  ins. 

08 

fi  t>  a5 

£6 
a  ca 

c8 

£6 
a  OS 

a  cs 

a  $  V 

£6 
a  cs 

111 

ingle 
lake, 
umula- 
tive 
effect. 

482 

o 

C/J 

o 

02 

o 

O) 

o 

O 

cc 

o     - 

1  month 

336 

168 

818 

241 

409 

106 

924 

53 

463 

79 

1  003 

39 

501 

2  months... 

168 

84 

341 

409 

131 

304 

.5;^ 

463 

26 

331 

39 

501 

20 

250 

3  months... 

113     i     56 

161 

273 

80 

136 

;i5 

308 

18 

154 

26 

334 

13 

167 

4  months. . . 

84 

43 

121 

205 

60 

103 

36 

231 

13 

115 

30 

351 

10 

125 

5  months. . . 

67 

34 

96 

164 

48 

82 

31 

185 

11 

92 

16 

201 

8 

100 

6  months... 

56 

38 

80 

136 

40 

68 

18 

154 

9 

77 

13 

167 

7 

84 
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A    MATHEMATICAL     ANALYSIS     OF     THE     INFLUENCE     OF 
EESERVOIES   UPON   STREAM-FLOW. 

By  James  A.  Seddon,*  M.  Am.  Soc.  C.  E. 

The  fluctuation  in  tlie  levels  of  a  system  of  lakes  only  differs  in  its 
magnitude  from  the  filling  and  emptying  of  a  lock  or  a  reservoir  iinder 
varying  conditions  of  inflow  and  outflow,  though,  of  course,  the  true 
level  over  such  large  areas  is  not  so  easily  observed.  The  action  of  the 
winds  will  certainly  greatly  change  the  levels  at  different  points,  the 
surface  will  answer  to  difference  in  barometric  pressure,  and  small 
tidal  effects  may  be  found,  and  even  after  the  primary  disturbance  is 
removed,  the  whole  body  of  water  may  have  been  set  to  rocking  back- 
ward and  forward  like  a  pendulum.  It  is  thus  only  in  the  mean  of  a 
large  number  of  points  that  the  true  level  may  be  determined,  or,  as 
in  actual  practice,  in  the  average  of  a  time  long  enough  to  eliminate 
these  shorter  variations;  but,  this  true  level  determined,  all  its  varia- 
tions are  results  alone  of  the  inflow  and  the  outflow. 

The  inflow  will  be  called  supply,  and  designated  by  S,  and  the  out- 
flow, discharge,  and  designated  by  Q,  each  taken  in  cubic  feet  per 
second,  and  with  A  representing  the  area  of  the  lake  in  square  feet,  h 
its  level  on  a  scale  of  feet  and  T'time  in  seconds.  The  fundamental 
equation  of  its  fluctuation  is 

(S—Q)  d  T=Adh (I) 

In  this  equation,  S,  the  supply  of  the  lake,  is  made  up  of  the  run- 
off from  the  drainage  basin  surrounding  it,  which  has  its  annual  rise 
and  fall,  like  the  high  and  low- water  periods  of  a  river  in  a  similar 
basin.  But,  unlike  the  river,  the  direct  rainfall  on  its  large  area  gives 
it  at  times  a  much  more  concentrated  supply,  and  undoubtedly  now 
and  then  its  actual  levels  are  subject  to  finite  changes  in  comparatively 
insignificant  intervals  of  time;  but  averaged  up,  as  these  are  in  the 
mean  monthly  levels,  the  effect  of  this  direct  supply  approaches  the 
annual  cycle,  and  for  a  number  of  years  must  closely  correspond  to 
the  variation  of  normal  rainfall,  and,  finally,  from  these  positive  ele- 
ments of  supjjly  there  must  be  taken  the  negative  element  of  evapo- 
ration, which  has  perhaps  of  all  of  them  the  most  regular  variation 
with  the  seasons. 

*  U.  S.  Assistant  Engineer. 
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Thus,  while  the  actual  supply  in  a  given  year  can  never  be  exactly 
represented  by  any  regular  variation,  the  general  type  of  supply  may 
very  fairly  be  assumed  as  a  recurrent  annual  oscillation,  and  taken  in 
its  simplest  form,  as  Si  +  (^  sin  t;  where  3i  is  a  mean  value  of  supjily 
and  t  is  a  time  arc  on  a  circle,  whose  whole  circumference  represents 
one  year,  while  as  sin  t  passes  from  its  extreme  values  of  -f  1  to  —  1, 
the  extreme  oscillation  of  supply,  of  course,  corresponds  to  the  value 
of  2  a. 

Unlike  supply  in  its  arbitrary  character,  Q,  the  discharge  from  the 
lake  is,  of  course,  determined  at  any  time  solely  by  the  value  of  J/,  or 
the  level  of  its  outlet  at  that  time.  Just  what  relation  exists  between 
Q  and  h  is  a  matter  of  observation.  Were  the  outlet  a  plain  weir  of 
length  I,  with  H  measuring  the  height  above  its  crest,  the  relation 

would  be  §  =  3.3  ^  H^,  while  the  form  that  has  more  generally  been 
applied  to  the  flow  of  rivers  is  ^  =  C  H^;  where  H  again  gives  the 
level  above  an  approximate  zero  of  discharge,  and  <7  is  a  constant 
to  be  determined  from  the  discharge  observations.  Either  of  these 
more  general  expressions,  however,  makes  the  solution  of  Equation  I 
unnecessarily  difficult,  and  in  the  small  oscillation  of  a  lake  surface 
it  is  sufficient  to  take  Q  as  made  up  of  a  constant  element  §,,  the 
value  of  discharge  at  an  assumed  level,  and  a  variable  element  v  h, 
where  h  gives  the  surface  at  any  time  above  or  below  this  arbitrary 
level,  and  c  is  the  average  change  in  discharge  there  per  foot  of  rise 
or  fall.  "Where  large  discharges  are  dealt  with,  some  10  or  15  ft.  above 
their  zero  level,  there  is  little  difference  in  a  foot  or  so  between  the 
arc  of  the  discharge  curve  and  the  straight  line  ch,  and  it  would  be 
hardly  necessary  to  consider  this,  even  in  the  flow  of  a  river;  while 
in  the  case  of  the  flow  out  of  the  lake,  where  the  accidental  oscillation 
at  its  outlet  may  exceed  the  whole  range  of  its  true  level,  such  a 
difference  would  seem  to  be  an  even  more  needless  refinement.  In 
what  follows,  therefore,  the  discharge  at  any  time  will  be  taken  as 
Qy  +  ch,  or  a  linear  variation  with  the  value  of  Ji,  at  that  time. 

Substituting  these  values  for  »?  and  Q  in  Equation  I  gives 
[('S'l  —  Qi)  +  (a  sin  ( —c  h)]  d  T  =^  A  dh. 

And  for  the.  present  neglecting  the  arbitrary  constant  {Si  —  §,), 
which  may  always  be  made  zero  at  any  time  by  taking  a  suitable  level, 
from  which  fi  is  to  be  measured  for  that  time.  Equation  I  becomes 
{a  sin  t— ch)  dT^  Ad  J/. 
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In  this  equation  T  is  time  in  seconds,  while  t  is  an  arc  on  a  circle 
in  which  2  ;r  is  to  represent  one  year.  The  relation  between  them  is, 
therefore,  given  by  the  following  proportion : 

r  :  /  =  86  400  X  365  (seconds  in  one  year)  :  2  n 
86  400  X  365 


and 


d  T 


6.2832 
86  400  X  365 


t; 


at. 


6.2832 

At  the  same  time,  it  is  also  convenient  to  change  the  unit  of  A 
from  square  feet  to  square  miles,  so  that  the  equation  becomes 
86  400  X  365 


(a  sin  I 


ch) 


or 
or 

by 


6.2832 

(a  sin  I  —  c h)  0. 180036  dt^  A  d h 

,,     ,    0.18c,    .        0.18       .     ,  -^ 

d  li  H , —  h  dt^=  — 7-  a  sm  t  d  t 

A.  A. 


dt=  (5  280)2  ^rf  A 


(11) 


This  is  a  well-known  form,  and  is  solved  by  multiplying  through 


0.18  c 
„   A     ^ 


of 


0.18  c,  0.18  c,  0.18  c, 

-^-*  -,    ,    ,  0.18c      -A-^  J,       0.18        .     ^   -A-*  ,, 

e  dh  -\-  h  — - —    e  d  t  = j —  a  sm  I  e  dt 

A.  A 

Where  the  left-hand  side  of  the  equation  is  the  complete  dififerential 

0.18  c  , 


h  X   e   ^       ' 
and  the  right  contains  only  the  single  variable  t  and  is  easily  inte- 
grated by  parts  as  follows: 

0.18  c 

0.18       / 


sm  t  e 


/      0.18  c^\ 

■^  ,^      0.18     /•  .      d\e  ^ ; 


0.18 
~    A 

And  again: 


0.18  c 


sm  i  e 


0.18  c 


0.18r ./ 


0.18  c 


COS  i  e 


d  t 


f 


0.18  c 


cos  i  e 


dt 


=  /■ 


cos  t 


(»^') 


0.18 
A 


404  SEDDON"   ON    RESERVOIRS    AND    STREAM    FLOW. 

0.18  c , 

0.18  c  , 


c 

OS  I  e 

-  + 

1 

0.18 
A 

-  I   sin 

0.18  c 
A 

Hence 

0.18 
A 

"f 

0.18 
A 

sm  t  e 

U 

dt  = 

0.18 
A     « 

0.18  c 


sin  t  e 


0.18  c 


cos  t  e 


(^r  ("f-o 


./ 


0.18  c 
~'A~ 

0.18  c, 


sin  i  e  dt 


0.18  c 


And   solving  for    "       a  j    sin  t  e   ^        d  t,  gives 


0.18 
A 

0.18 


1  0.18  c  , 


or,  finally, 
0.18 


./ 


a    I    sm  <  e 


0.18  c, 

~A~^    ,         0.18 

^        dt  =  — — -  a 


r0.18c   .     , 
— i —  sin  t  —  cos  t 
A 

'T,        /0.18  c\  - 


0.18  c 


And  the  primitive  of  differential  Equation  II  becomes 
"0.18  c 


0.18  c  0.18 

he      ^        =    A 


sin  t  —  cos  t 


/0.18c\ 
L     1+  \-A-) 


0-18  c  ^  c     The  con- 

e     -4         ±  C-<  stant  of  in- 
( tegration. 


0.18c 


or  dividing  by  e 


0.18 
A 


■0.18  c 


sin  t  —   cos  i 


-        0.18c 


In  this  form  it  is  plain  that  if  the  value  of  h  is  to  be  recurrent,  or 
the  surface  movement  is  restricted  to  an  annual  oscillation,  the  term 
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must  disappear,  and  the  constant  of  integration  must,  there- 


in this  case  it  will  be  called  /i,  where  uniformly 
■0.18  c 


0.18 


sm  t  —  cos  t 


L    1  + 


r^T 


Here,  also,  for  the  excluded  term  (S^  —  Qi)  to  be  zero,  the  mean 
supply.  Si,  must  be  constant  from  year  to  year  and  equal  to  Qi,  a. 
mean  discharge,  thus  fixing  the  zero  from  which  h  is  measured  at  a 
mean  level.  As,  however,  it  is  well  known  that  the  mean  supply  is 
not  constant  from  year  to  year,  and  that  it  also  passes  through  a  more 
or  less  well-defined  cycle  'covering  a  number  of  years,  this  term 
(•S*!  —  Qi)  may  be  again  written  {S^^  —  Q^^)  -f  (a'  sin  t'  —  ch'),  and 
this  multiplied  by  (0.18  dt)  equals  J.  rf/i',  or  a  second  additional  element 
to  the  surface  variation.  Here,  for  all  practical  purposes,  this  longer 
cycle  may  be  assumed  as  recurrent,  with  S^,  the  mean  supply,  for 
the  number  of  years  equal  to  Q^^,  the  mean  discharge,  and  the  total 
variation  of  surface  in  that  case  made  up  of  the  sum  of  k^  and  k' 
measured  from  the  mean  level  corresponding  to  Q^. 

In  this  longer  cycle,  however,  the  arc  t'  no  longer  corresponds  to 
one  year,  but  to  a  number  of  years  jk 

,.,  T      86  400x365       T      to  x  86  400  X  365 

"^  ^^'^'  1  =  2^r '    ?  = 2^r 

and  t  =  n  V ,  and  dt  =  n  dt'. 

Hence  the  differential  equation  is 

{a'  sin  /'  —  ch')  n  x  0.18  dt'  =  A  dh', 
and  its  primitive  is 

n  X  0.18  c      .     ^, 

„   ,  „  r" ; sm  t'  —  COS  t 

,,       ?i  X  0.18 

k   =  i 


(n  X  0.18  c\  2  —  n  X  0.18c 

+    \^ -^ ;  -I  e      A 


in  which  the  term  involving  the  constant  of  integration  now  disap- 
pears, by  taking,  as  may  in  general  be  done,  a  recurrent  variation 
oili'. 

And  as  the  additional  oscillation  has  been  taken  through  a  number 
of  years,  so  also  an  additional  oscillation  through  a  fraction  of  the 
year  might  be  taken,  and  in  a  sum  of  these  oscillations  li  may  thus 
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be  made  to  express  all  tlie  variations  of  the  surface  for  any  sucli 
system  of  regular  variations  in  the  monthly  and  the  annual  sup- 
plies. It  is,  however,  true  that  the  suj^ply  in  any  actual  case  may 
be  far  from  regular,  and  while  {Q^^  +  c  h)  always  expresses  the  actual 
discharge  (the  difference  between  the  curve  and  line  as  noted  being 
insignificant)  still  S^  +  a  sin  t  -[■  a'  sin  /',  etc.,  may  not  so  express  the 
actual  supply,  unless  such  altogether  arbitrary  values  may  be  assigned 
to  aS',1  from  time  to  time  as  will  make  the  expression  practically  fit 
any  form  of  irregiilar  variation.  It  is,  therefore,  desirable  finally 
to  solve  Equation  I  in  its  most  general  form  with  (/S',i  —  §,,)  simply  an 
arbitrary  constant,  having,  of  course,  alternating  +  and  —  values, 
which  at  any  period  of  ii*regularity  may  be  represented  by  /\  S.  In 
addition  to  hi  and  h'  there  is  then  a  third  element  of  variation  h", 
given  by  an  additional  term  of  the  form 

0.18c 


1/ 


k 


C      —     0.18  c, 


And  here  to  determine  the  general  form  of  the  constant  of  integra- 
tion C,  it  is  necessary  to  consider  how  a  lake  would  rise  or  fall  with 
such  a  change  in  its  supply  as  that  of  the  arbitrary  constant  /\  S. 
Substituting  then  in  Equation  II  there  results 
{/\S—ch")  Q.ld>dt  =  A  dh" 
or 

A  dh" 


dt  = 


0.18  c  A_^_  j^" 


c 


_  A 


0.18  c 


log  ,  (^  -  ;,")  -F  C 


And  if  t  be  taken  as  zero  where  h"  is  zero  and  ;:,,  represents  any  point 
of  time  in  such  an  arbitrary  period  of  t  corresponding  to  the  arbi- 
trary value  /\  S, 
then 


^     ,„    (AS. 


^-oirj'os:. 
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and 


""  6.18  c     ^^'^ 


0.18  c, 


AS 


AS 

c 

C 

AS 

c 

C  0-18 c 

e     A      " 

From  which  it  is  seen  that  a  general  form  for  the  constant  of  integra- 

A  'S* 

tion    C  is — —  which,    of   course,  is   zero  in  all  the  former  cases 

c 

where  /\  S  was  assumed  zero. 

The  complete  equation  may  be  now  written  as  follows: 

0.18  c     .     , 

n  1  o      I s^   sm  /  —  cos  /—I  v^  n  1 Q 

2  7      1      7'    1     7."         0.18       \  A  ,    «   X  0.18 


I -^   sm  t  —  cos  I— I 

I — 3—  "■■' '  -  ""^  ''-1  ^  Az  r  _    1   ~| 


n  X  0.18  c     .       , 

sm  ;;    —  cos  /'• 


(HI) 


In  which  Hs  a  continuous  angle  on  a  scale  in  which  360°  equal  one 
year,  and  t„  is  the  length  of  a  natural  arc  on  the  same  scale,  but  taken 
only  through  the  arbitrary  periods  in  which  values  may  be  assigned 
to  A  S;  while  again  /'  is  a  continuous  angle  on  a  scale  in  which  360° 
=  n  years.     In  this  form,  in  any  lake,  the  function 

r0  18  c 
0.18 


sin  if — cost 


,H-(^yj 


may  be  computed  once  for  all  through 


a  cycle,  and  its  oscillation  then  gives  at  once  the  ratio  of  the  oscilla- 
tion of  /^^  to  n.  Or,  from  the  variation  of  surface  in  the  mean  monthly 
levels  the  corresponding  variation  in  the  supply,  expressed  by  a,  is 
gotten  from  this  simpler  proportion.     In  the  same  way  for  h',  the  var- 
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iation  of  supply  from  year  to  year  expressed  by  a'  may  be  brouglit 
into  a  like  proportion  with  the  variation  in  the  mean  annual  levels. 
While  finally  for  given  periods  of  tg  corresponding  proportions  may  be 
made  up  that  exjaress  immediately  the  /\  S  for  any  irregularity. 

The  relation  of  the  variation  of  level  in  any  lake  to  its  varia- 
ble supply  may  be  here  left  for  the  more  general  problem  which 
includes  not  only  this,  but  its  resultant  effect  on  a  lake  below,  and 
so  on  through  a  chain  of  lakes;  and  not  to  needlessly  extend  the 
l^roblem,  it  is  desirable  in  this  case  to  use  the  simplest  possible  form 
for  h.  It  is  plain  that  in  so  far  as  h^  and  h'  are  concerned,  it  is  only 
necessary  to  use  the  term  h^,  for  what  will  be  generally  true  of  the 
short  cycle  will  be  equally  true  of  the  long,  and  all  equations  de- 
duced from  the  first  can  be  immediately  converted  into  equations 
for  the  second  by  substituting  in  the  jjlace  of  (0.18)  the  value  of 
{n  0.18)  throughout,  remembering,  of  course,  that  degrees  in  the 
angles  i'  are  also  to  be  taken  as  covering  7i  times  as  many  days  as 
they  do  in  the  angles  /;  but  the  wholly  diflferent  character  of  the 
term  for  h"  makes  it  necessary  to  exclude  it  altogether  or  to  consider 
its  effects  down  entirely  as  a  question  by  itself. 

This  last  has  in  fact  been  done,  but  it  is  all  so  much  a  matter  of 
the  particular  case,  that  it  will  not  be  included  in  this  study.  In- 
deed, from  the  extreme  where  /\  »§  is  assumed  a  permanent  change  in 
the  mean  supply,  it  is  evident  at  once  that  in  time  any  number  of 
lakes  would  all  come   to  about  the  same  difference  in  level,  repre- 

A    S 

sented  by   ~ —  ;  though  it  may  be  noted  that  none  could  absolutely 

reach  this  level  until  t^  became  infinite.  And  while  in  very  long 
periods  there  are  practically  no  differences  in  the  effects  of  this  func- 
tion on  lakes  below,  at  the  same  time  in  very  short  periods  it  has 
practically  no  effect  whatever  on  them,  so  that  in  the  range  of  ordin- 
ary irregularities  in  supply,  it  may  simply  be  taken  as  rapidly  disap- 
pearing in  its  effects  on  the  lower  lakes,  but  exactly  how  rapidly 
would  depend  on  the  length  of  the  irregularity.  It  is  only  perhaps  in 
the  event  of  a  system  of  storage  in  an  upper  lake  through  one  season 
to  be  let  out  at  another  that  the  subject  would  have  any  general  in- 
terest and  there  its  effects  are  best  worked  out  as  a  special  case. 

The  more  general  problem  of  the  effects  of  variable  supplies  on 
the  levels  of  a  chain  of  lakes  is  therefore  confined  to  the  consideration 
of  the  recurrent  yearly  oscillations  J/i  and  its  effects  below;  and  the 
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following  general  system  of  notation  is  taken  for  the  resulting  surface 
movements  in  a  chain  of  n  lakes. 

Ih.^  II h. 

I\  =  7/ A3  =  III  \ 

I\  =  II  h,  =  lllli^  =  IV  h^ 

1\  =  II  h,  =  Illh,  =2Vh,  =  VJi, 

etc.,       etc.,         etc.,  etc.,         etc., 

Ih^=IIh„  =  Illh,,  =  /F;^,,=  F/^,  etc.  [n\  li^. 
Here  the  vertical  lines  represent  the  eflfects  of  the  primary  supply 
in  the  basin  of  each  respective  lake  all  the  way  down,  and  the  hori- 
zontal represent  all  the  effects  that  as  a  whole  make  up  the  surface 
movement  of  any  lake  in  the  system.  In  correspondence  with  this  the 
areas  of  the  respective  lakes  will  be  represented  by  J,,  A^,  etc.,  J„, 
the  "a  "  in  the  variations  of  supply  a  sin  t  by  a,,  a.^,  etc.,  a„,  and  the 
change  of  discharge  per  foot  of  rise  or  fall  in  the  outlets  by  C,,  C-i, 
etc.,  C„. 

Considering,  now,  the  supply  in  the  basin  of  the  first  lake  and  its 
eff'ects  down,  there  results  : 

0.18  1  rO.lSc,    .     ^  n 

and  as  the  factors  -^  and .  ,„   ^  -    will  recur  continually   in 

these  operations,  it  is  convenient  to  represent  them  by  the  more  sim- 
ple terms  K  and  V,  writing  them  for  their  respective  values  of  A  and 
C,  as  K^,  K,;  Fj,  F,,  etc. 
With  this  substitution 

Ih^  =  «!  K^  F,  (Ki  Ci  sin  t  —  cos  t) 
and  as  for  the  second  lake  c^  x  K  is  the  resulting  variation  of  supply 
and  Co  X  h,,  the  corresponding  variation  in  its  discharge,  from  equa- 
tion II  there  results : 

[aj  Oi  Ki  Fj  (/t",  c,  sin  t  —  cos  t)  —  c,  /?..,]  0.18  d  t  =  A.2  d  h., 
or 

^,        ,      0.18c.,,         ,,  0.18  r^      jr     ,T^  ■       ,  ,.      J, 

dh.y  -\ i — -  /^.,  dt  =  — r-  «!  Ci  K^  \\  (K^  c,  sin  t  —  cos  t)  dt 

Ao       '  Ac, 

or 

h^e   -  -    =  ai  C|  Ky  K.j  Fj  /  {Ky  Cj  sin  t  —  cos  t)  e    ^  ^    dt. 


410  SEDDON    ON"    KESERVOIRS    AND    STREAM    FLOW. 

And  in  general,  following  the  process  of  the  former  integration  by 

parts, 

/•    K<='    ,  Ecsint.  —cost     K'^i 

and 

I    '  ^o.tdt=      i^(^^).        e 

so  that 
K  c  t 

Sin  t)\  e    -  - 
or 

Ih,  =  a,  c,  K^  K^  F,  F2  [(7^3  c^  Z'j  c,  —  1)  sin  t  —  {K,  c,  4-  K^  c,)  cos  «]. 
And  again  for  the  third  lake  with  c,  X  h,  supply,  and  C3  X  ho  dis- 

K    C     t  r> 

charge,  li^  e  ^  '^    =  a^  c^  c.^  K^  K.  R\  F,  V.,  j  [{K.   c,  iT,  Cj  —  1)  sin  t  — 
{K,  c,  4-  K^  c,)  cos  t]  e^3  %  dt  =  o^  c^  c,  K^  K^  K^V ^  V.^  V^  [{K^  c,  K,  c, 

K  c    ' 

—  1)  {K^  C3  sin  /  —  cos  t)  —  {Ko  c,  +  K^  c,)  {K^  C3  cos  f  +  sin  ^)]  e    ^  3 

or  77^3  = 

«i  c,  c,7f,  ^,^,  Fi  F  FgHzj^  03(2^2  c,Ki  ci— 1)  — (iT^a,  +  TTiCi)]  sin  t 

—  [JTaC.^  (7i2  c,  +  JTi  cO  +  (7Cc,  ^,  c^  —  1)J  cos  tj 
and,  in  general,  calling* 

Ih„  =  «i  {ci }  '^"M  ^1 1  "  I  ^1 1  "  r^«.  sin  /  +  7 ^„  cos  /] {IV) 

in  which  a  and  /5  are  formed  as  follows: 

la  =  7^  --= 

lh,  =  {K,c,) =_1 

7^2  =   (A''2  C2  ^1  C,  —  1) =  _  (^,  c.  +  ^1  Ci) 

7^3  =  ^^  C3  (^,  c_,  ^1  c,  —  1)  — (TT.  C2  +  ^1  c,  )•  =  —  [^3  C3  (^2  C2  +  ^1  Ci ) 

-\-{K.,c.,K,c,  —  D] 
and  finally 

IJin  =  -^«  c„  ar„_i  +  ^„_i =  Z'^  c„  ft„_^  —  a'„_i. 

In  the  case  of  777^2  begin  with 

777z2  =  ao  K.2  V.^  [K^  a,  sin  t  —  cos  t] 
and  in  the  same  way  finally  in  the  n"'  lake  there  results 

77^„  =  «,  {c,}  ^-'  {K,^\   I  F"|  [IIa„  sin  ^  +  77^„  cos  t] 
and  so  on  from  lake  to  lake. 

From  these  equations  the  effect  of  one  lake  upon  another,  and  the 
total  surface  movements  in  any  lake,  are  easily  computed.     Thus,  to 
*  In  this  paper  the  braces  |     |  are  used  exclusively  as  a  "  factorial  sign." 
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illustrate,  the  case  of  a  chain  of  five  lakes  may  be  taken,  each  with  a 
surface  area  of  10  000  square  miles,  with  a  100  000  cu.  ft.  per  second 
variation  in  the  supj)ly,  entering  each  lake  as  a  simultaneous  oscilla- 
tion, and  with  outlet  capacities  downward  of,  respectively,  10, 15,  20,  25 
and  30  thousands  of  cubic  feet  per  second  per  foot  of  rise  or  fall.    Then 
Ai  =  A.2  =  A.^  ^  Ai  =  A^^IO  000 
ai  =    ^2  =  f/3  =   o^  =   a^  =  50  000 
Ci  =  10  000;   C2  =  15  000;'  (7,  =  20  000;   C^  =:=  25  000;   G^  =  30  000. 
Hence 

KGi  =0.18;  /fa  =  0.27;   K  G,  =  0.36;  7fC,  =  0.45;  ^Q  =  0.54 
and 


J  a,  : 

—  -1-  0.18 

0.27 

126 
036 

+  0.0486 
—  1.0000 

J  a., 

—  —  0.9514 

0.36 

57084 

28542 

—  0.3425 

—  0.4500 

J  a., 

—  —  0.7925 

•*  "3 

0.45 

39625 
31700 

—  0.3566 

+  0.7894 

la^ 

—  +  0.4328 

-*  "4 

0.54 

17312 
21640 

+  0.2337 
+  1.1477 

J  a. 

....  =  +  1.3814 

/A 


l^. 


Iftz 


1  l^v 


=  —  1.0 

0.27 


—  0.27 

—  0.18 


0.45 
0.36 

270 
135 


—  0.1620 
+  0.9514 


=  +  0.7894 
0.45 


39470 
31576 


+  0.35523 
+  0.7925 


+  1 . 1477 
0.54 


45908 
57385 


+  0.6198 
—  0.4328 


7^5 =  +0.1870 
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and  so  for  //a^,  ///i2»  to  II  otj,  II  fi.,,  etc.,  giving: 


+ 

0.1800 

<^2 

0.9514 

«3 

0.7925 

«4 

+ 

0.4328 

«5 

+ 
1.3814 

1 

+ 
0.2700 

0.9028 

1.0363 

+ 
0.0597 

II 

+ 
0.3600 

0.8380 

1.2625 

III 

+ 
0.4500 

0.7570 

+ 
0.5400 

ir 

V 

1.0000 

0.4500 

/53 
+ 

0.7894 

/34 

+ 
1.1477 

0.1870 

I 

1.0000 

0.6300 

+ 
0 . 6193 

+ 
1.3707 

II 

1.0000 

0.8100 

+ 
0.4006 

III 

1.0000 

0.9900 

IV 

1.0000       V 
Again,  the  following  are  the  logs  of  the  general  factor  n  jcj"""* 
[.ST  FJ  "  which  are  easily  made  up  by  repeated  additions: 


1.940394 


1.165108 
1.923683 


2.543547 
1.302122 
1.901318 


J  ! 

2.019764 
2.778940 
1.377535 
1.874157 


(  ( 
3.561849 
2.321024 
2.919620 
1  416242 
1.843114 


/ 

// 

/// 

IV 

V 


and  multiplying  here  the  respective  values  of  a  and  /i  by  the 
corresponding  general  factors  and  representing  the  products  by 
/  I cr, } ,  I  \^i\  ,  <fec. ,  there  results  finally : 


l-.l 

i".! 

!"'! 

Wi 

l-al 

+ 

0.15692 

0.13915 

0.02770 

+ 

0.00453 

+ 
0.00504 

/ 

+ 
0.22649 

0.18101 

0.06229 

+ 
0  00125 

II 

0.28683 

0  19988 

0  10492 

III 

+ 
0  33680 

0.19740 

+ 
0.37628 

IV 
V 
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w 

lAl 

\M 

Ia! 

M4 

0.87176 

0.06581 

+ 
0.02760 

0.01201 

+ 

0.00068 

I 

0.83885 

0.12632 

+ 
0.03723 

+ 
0.02871 

II 

0.79674 

0.19321 

+ 
0.03329 

III 

0.74844 

0.25815 

IV 

0.69681       V 
Taking  now  t  at  intervals  of  30°  corresponding  with  tlie  twelfth  of 
the  year  and  practically  with  the  monthly  means : 


t 

sin  t 

cos  t 

0° 

0 

+1 

- -0.866 
-1-0.5 
0 

30'  

+0.5 
- -0.866 
--1 
--0.866 

60" 

90° 

120' 

—0.5 

150° 

+0.5 
0 

—0  866 

180° 

—1 

And  with  these  values,  from  the  equation  h  =  |a|  sin  z*  +  {/S[  cos  t, 
the  whole  cycle  of  each  of   these  variations    is  readily  made  up  as 

follows  : 

t  =  0°  30*  60"  90°  130°  150<»  180° 

/    |a,  |sin<=     -1-0.0000       -1-0.0785       +0.1359       +0.1569       +0.1359       +0.0785       +0.0000 

/    1^,  |cos<=     —0.8718       —0.7550       —0.4359       —0.0000       +0.4359       +0.7550       -|-0.8718 
/A,  =    —0.8718 

and  with  signs 
reversed 


—0.6765       —0.3000 


t 


+ 
210° 


+ 
240° 


+0.1569 
270" 


+0.5718      -H).8335      +0.8718 
300'  330»  360° 


completing  the  cycle. 

These  values  for  the  half  cycle  are  here  given  in  series  from  the 
primary  supply  on,  to  its  effect  in  the  last  lake. 


0° 
/7i,  —0.8718 
//i,  —0.0658 
Ih,  -1-0.0276 
Ih.  -fO.0130 
Ih^  -1-0.0007 

II  h^  —0.8388 
Ilh^  —0.1263 
II K  +0.0372 
II h^  -1-0.0287 

III  hi  —0.7967 
Illh^  —0.1932 
Illh^  +0.0333 

IV  h^  —0.7484 
IV  h^  —0.2581 

r/is  —0.6968 


30° 
—0.6765 
—0.1266 
-+-0.0101 
+0.0127 
-1-0.0031 

—0.6133 
—0.1999 
—0.0011 
+0.0255 

—0.5466 
—0.2672 
—0.0237 

—0.4798 
—0.3233 

—0.4154 


60° 
—0.3000 
—0.1534 
—0.0102 
+0.0099 
+0.0047 

—0.2233 
—0.2200 
—0.0353 
+0.0155 

—0.1500 
—0.2697 
—0.0743 

—0.0825 
—0.3000 


90° 
+0.1569 
—0.1391 
—0.0277 
+0.0045 
+0.0050 

+0.2265 
—0.1810 
—0.0622 
+0.0012 

+0.2868 
—0.1999 
—0.1049 

-H).3368 
—0.1974 


120° 
+0.5718 
—0.0876 
—0.0378 
—0.0021 
-1-0.0041 

+0.6155 
—0.0936 
—0.0725 
—0.0133 

+0.6468 
—0.0765 
—0.1075 

+0.6659 
—0.0418 


150' 
+0.8335 
—0.0126 
—0.0377 
—0.0081 
+0.0019 

+0.8397 
4-0.0189 
—0.0633 
—0.0243 

+0.8334 
+0.0674 
—0.0813 

+0.8166 
—0.1249 


180' 
-f0.8718 
+0.0658 
—0.0276 
—0.0120 
—0.0007 


K: 


).1263 
—0.0372 
—0.0287 

+0.7967 
-1-0.1932 
—0.0333 

-1-0.7484 
+0.2581 


f0..3763  +0.6743  +0.7916  +0.C 
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And  these  values  summed  algebraically  for  their  respective  lakes 
would  give  in  each  case  the  total  of  the  surface  movement  there,  but 
it  is  easier  to  sum  at  once  the  coefficients  of  sin  t  and  cos  t  and  calcu- 
late directly  the  cycles  of  these  resultant  oscillations. 

Giving  the  following  values: 

0°  30°              60°              90°  130°  150°  180" 

/    /ii     —0.8718  — 0.6705  —0.3000  +0.1569  +0.5718  +0.8335  +0.8718 

/to    //    /!.,    —0.9047  —0.7.398  —0.3767  +0.0873  +0.5279  +0.8372  +0.9047 

I  to  III    h^    —0.8955  —0.7364  —0.3801  +0.0781  +0.5153  +0.8146  +0.8955 

I  to  IV    h^    —0.8934  —0.7333  —0.3777  +0.0793  +0.5147  +0.8124  +0.8924 

/to    V    7i5    —0.8932  —0.7336  —0.3766  +0.0802  +0.5156  +0.8128  +0.8933 

These  values  are  shown  graphically  in  Fig.  1,  and  while  they 
show  the  general  form  of  the  oscillations,  it  is  very  evident  that  they 
do  not  give,  with  any  degree  of  acctiracy,  the  extremes.  It  is  seen,  of 
course,  that  while  a  sin  /,  or  the  supply,  is  in  all  cases  at  its  maximum 
at  90°,  its  corresponding  rise  reaches  its  maximum  in  the  first  lake 
somewhere  between  the  150°  and  180°  periods,  and  that  this  again  as 
a  supisly  is  once  more  retarded  in  the  rise  of  the  second  lake,  and  so 
on  from  lake  to  lake;  but  the  periods  and  the  values  of  these  maxima 
require  additional  calculations. 

The  value  of  t  at  these  points  of  maxima  or  minima  is,  of  course,  de- 
termined by  the  condition  —  =  0,  and  in  the  general  form  of  the 

equation 

k^  =  a  [c]  "-^  {K]^{V}^  [a,  sin  t  +  /i„  cos  t] 

-T— '  =  0,  gives  a„  cos  t  =  /i,j  sm  t,  or  tan  t  =■    .-^ 

The  two  angles  in  the  cycle  differing  by  180°,  that  correspond  to 
this  value  of  the  tan  /,  are,  of  course,  the  points  of  maximum  and 
minimum  respectively  ;  and  by  substituting  either  in  the  equation  for 
h  the  -f-  or  —  extreme  is  given.  It  is,  however,  enough  simply  to  con- 
sider the  maximum,  as  before  only  the  half  cycle  was  calculated, 
every  value  of  h  having,  of  cotirse,  a  corresponding  value  with  an 
opposite  sign  after  a  period  of  180°. 

As  the  effects  of  a  primary  supply  are  traced  down,  the  retardation 
throws  the  maximum  into  later  and  later  quadrants,  and  these  must 

be  followed  by  the  successive  change  of  signs  in  the  term  — . 

Thus,  in  the  case  of  /,  the  original  supply,  a  sin  /,  has  its  maximum 

as  noted  at  90°,  while  for  /  h,,  —r  is  minus,  and   is  therefore  in  the 


SEDDON   ON    RESERVOIRS   AND    STREAM   FLOW.  415 

second  quadrant,  and  its  angle  10°  12'  gives  the  absolute  position  as 
180O  00'  —  10°  12'  =  169°  48',  and  substituting  this  angle  for  t  gives 

the  value  of  0.8858  for  the  maximum  of  Iliy    Again  for  I\,  ~-  is  plus, 

Pi 
and  is  thus  in  the  third  quadrant,  and  its  angle  64^  41'  gives  its  posi- 
tion as  180°  00'  +  64°  41'  =  244°  41',  and  its  value  0.1539.     In  the 

same  way     .^  is  minus  and  lies  in  the  fourth  quadrant,  and  its  angle 

45°  07'  places  it  at  360°  00'  —  45°  07'  =.  314°  53'  with  the  maximum 

value  0.0391.     While  finally  —  and  -—■  are  both  plus  and  lie  in  the 

Pi  Ph 

fifth  quadrant  at  the  points  respectively  360°  00'  -\-  20°  40'  =  880°  40' 
and  360°  00'  +  82°  18'  =  442°  18',  and  maxima  of  0.0128  and  0.0051. 

The  positions  of  these  maxima  and  their  values  through  this  whole 
series  of  oscillations  are  tabulated  as  follows. 

Angle  t  of  maximum. 


\ 

;*., 

^^3 

^h 

\ 

169°  48' 

244°  41' 

314°  53' 

380°  40' 

442°  18' 

1 

164°  53' 

235°  05' 

300°  52' 

362°  30' 

II 

160°  12' 

225°  58' 

287°  36' 

III 

155°  46' 

217°  24' 
151°  38' 

IV 
V 

Value  of  maximum  7/. 

hy  h.2  ho  h^  hr, 

0.8858     0.1539    0.0391     0.0128     0.0051  / 

0.8689     0.2207    0.0726    0.0287  77 

0.8468    0.2780'    0.1101  III 

0.8207     0.3250  IV 

0.7919  F 

From  these  values  of  t  it  is  seen  at  once  that  the  difference  between 
the  maxima  of  Ihy  and  I h^_,  or  244°  41'  —  169°  48'  =  74°  53'  is  also 
the  difference  between  164°  53'  and  90°,  or  between  the  maximum  of 
supply,  a  sin  t,  and  its  rise,  //  \.  And,  again,  70°  12'  is  the  general  dif- 
ference between  I1.2  and  h^  ;  65°  46'  +  between  \  and  h^,  and  61°  38' 
between  h^  and  \  ;  which  are  also  in  each  case  the  difference  between 
90°,  the  maxima  of  the  respective  supplies,  a  sin  t,  and  their  corre- 
sponding oscillations  in  the  first  lake.  It  is  then  plain  that  the  retar- 
dation in  any  lake  is  a  constant  dependent  upon  the  physical  proper- 
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ties  of  that  lake,  and  in  no  way  upon  the  magnitude  of  the  oscillations 
passing  through  it.  And  just  as  it  has  been  seen  that  any  oscillation 
passing  from  a  given  lake  to  the  next  is  retarded  by  a  fixed  time  ;  so 
it  may  be  seen  from  the  corresponding  maximum  values  of  h  that  they 
are  also  reduced  by  a  fixed  percentage. 

It  is  time  therefore  to  turn  from  the  series  of  equations  which 
have  just  been  considered,  to  determine  the  formulas  for  this  retarda- 
tion and  reduction  from  lake  to  lake  ;  for  it  is  very  evident  that  they 
are  a  much  more  general  expression  for  the  laws  of  lake  movements 
than  equations  which  simply  give  direct  values  for  assumed  times  and 
supplies. 

First,  for  the  reduction  ratio  or  percentage,  which  will  be  called 
p  ;  noting  that  it  is  enough  to  express  it  in  the  case  of  /  from  h^  to  h^, 
for  it  is  also  the  same  from  lake  to  lake  in  the  case  of  //,  ///,  etc. ;  and 
omitting,  therefore,  the  /  in  the  general  equation,  and  representing  by 
/*'  and  t'  respectively  the  maximum  rise  and  the  time  corresponding  to 
it,  there  results: 

h'n  =  «    {cx}  ""'     l^ll  "    {  ^l!  "  \-''n  Sill  ^'  +  A.  COS  rj (1) 

and 

a„  sin  t' 

fdn'~   cost' 


(2) 


or  from  (2) 


sin  t'  =  =    and  cos  t 


;i  id  eliminating  t'  between  equations  (1)  and  (2) 


Again  from  the  law  of  formation  in  the  general  values  of  a  and  /?, 
there  results: 

o  V  2  2  2 

a,  =  K^c,ov  a,'^K^c[     .      /3,  =  -  1;  fi\  =  1-    Hence,  a,  +  (5,^ 


1+  K,  c, 

And  again : 


or,  =  K,  c.^  a,  +  fi,    or  a./  =   K.  c,  a,  ■^2K,c,or^ft,+  ft, 

2  2        2  - 

(5.^  =  K^  c,  /i,  —  «!    or  /is  =  K,  c,  fti  —  2  K.  c,  a,  ft,  +  a. 
Hence,  a^'  -{-ft^  =  '^i  («i"+  /^i')  +  «i    +  /^i 
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or 

and  so  on,  until  in  general 


I'rom  which  finally  there  is  obtained — 


Or 


1/  2 

;>„  =  c„_,  Z'^  F,/     1  +  ir„  c„ 

And  writing  now  for  K^  and  F„  their  respective  values: 

0.18 

1 


,  ^  (0-^.) 


...J-C-^") 


0.18  c- 


0.18  c„_,  \/      '     ^     ^«    ^  A 


'-C^r  "J^+("^) 


A  value  depending  simiily  upon  the  area  of  the  7i"*  lake  and  the 
discharging  capacity  of  its  inlet  and  its  outlet. 

Again,  taking  also  the  case  /  for  the  retardation,  which  will  be 
called  R ;  and  representing  by  V^  _  i  and  ^'„,  the  time  of  the  maxima 
in  the  n  —  1  and  the  ^i"*  lake,  respectively,  there  results: 

sin  i?„  =  sin  {t\^—  i'„_i)  =  sin  /'„  cos  ^'„_i  —  cos  t'^  sin  ^'„_i 
and  as  before 


sin  t„  * 


-^<^n'  +  fin'  ^  {1  +^77/  f  ^^^    ^^'^    ^'n    = 

/^»  fin 

"^(^n'  +  fin     y[i"qrrrs'P 

Hence, 

sini?    =  _      ^n  fin- 1 Q^w-l  fin 

and  as  a„  f5^_,  =  {K^  c„  a„_,  +  /i„_0  /5„_i 
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and  a,,_i  /i„  =  (7i„  c„  /i„_i— a„  _i)  a„_i 

therefore, 


sin  R., 


JR^y '"' 

From  eqiiatiou  (VI)  it  is  seen  that  in  jjassing  through  a  given  lake, 

oscillations  of  supply  are  retarded  by  this  period,  which  depends  alone 

upon  the  area  and  the  outlet  of  that  lake;  but  on  comparing  it  with 

equation   (V)   it  is  evident  at  once  that /5,j  is  not  a  reduction  of  the 

h' 
same  general  character.     It  gives  the  ratio         "    ,  and  is  a  most  con- 

"  «— 1 

venient  function  for  calculating  the  effects  of  a  given  oscillation  in 

any  lake  upon  all  the  lakes  that  follow  it;  for  at  any  point  h\^  _  i  x 

p,^  =  h\^;   but  with  exactly  the  same  oscillation  of  supply  in  the  w"' 

lake,  and,  in  consequence,  the  same  value  of  h',,,  j?,,  may  have  any 

number  of  values,  as  the  oscillation  from  above  which  gives  this  supply 

has  different  outlets. 

Thus,  finally,  there  may  be  considered  the  reduction  effected  by  a 

given  lake  on  the  variations  of  supply;  or  a  reduction  of  the  same 

general  character  as  the  retardation;  and  calling  /\  *§'„  and  /\  Q'^  the 

maxima  for  the   oscillations  of  sujiply  and  discharge  respectively  in 

the  n"'  lake,  this  absolute  percentage  of  reduction,  which  will  be  called 

A  Q' 
P,  is  given  by  the  ratio  —"  ^„^. 

This  is  easily  determined  from  equ.ation  (F), 
for  li',fi„  -=  AQ'n  and  h'„_^  c„_i  =  A  S',, 

A   Q'n  _     ^^'r,        ^        C„ 


and  as  /),,  —  , 


there  results 


A   '^  n  ^  n— 1  C„_i 

0-18  c^_i 
h'  A^ 


'■'-'  si^M^^-y 
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0.18  c„_t  0. 18  c„ 

Thus  in  equations  (  VI)  and  (  VII)  may  be  seen  finally,  from  the  area 
and  the  outlet  of  the  lake  itself,  its  whole  effect  upon  any  oscillations 
of  supply.  It  simply  retards  it  by  this  given  time,  and  reduces  it  to 
this  given  percentage. 

Indeed,  these  last  equations  might  have  been  originally  determined 
simply  from  the  consideration  of  the  general  relations  between  an  os- 
cillation of  sujjply,  a  sin  /,  and  its  corresponding  oscillation  of  level. 

Or  as  before 

0.18 


h  =  a 


A         To. 18  c  .  ,       n 


and  again  taking  t'  as  the  angle  corresponding  to  the  maximum  h' 

there  i-esults  from  -r—  =  0 
(Jt 

0.18  c 

0.18  c         „        .    „        1    ■     ,,  ^ 

cos  t'  =  sin  t  ,  and  sin  r  =  

A 

and 


0.18 
li  sin  i'  =  a 


^-^^  ^  (sin  t  sin  V  +  cos  t  cos  f) 

1+  (^)  L  ^  J 


or 

0.18  c  0.18 

A  A   0.18  c         ,,       ^,, 

h    X  , =     =    <(    X r.     .o  2    X     —J-  cos    (   /  —   f) 

and  finally 

0.18 

h  =      .==  a  sin  (90°  +  t  —  I') ( VJII) 


bv  the  factor 


0.18 

A 

Which,    simply  reduced  by  the  factor  -  ,    is    alto- 
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gether  a  similar  oscillation  to  a  sin  t,  only  shifted  to  a  new  origin  of 
time,  with  a  zero  of  90°  before  the  maximum  t',  or  zero  where  t'  — 
90°  = ;",  as  the  origin  in  the  original,  a  sin  t,  was  zero  90°  before  its  max- 
imum; and  as  this  is  true  of  any  oscillation  in  any  lake,  it  is  just  as 
applicable  to  the  w"'  oscillation  as  the  first;  and  the  formulas  for  reduc- 
tion and  retardation  determined  from  it  ajjply  to  all. 

From  equation  ( VIII)  it  is  very  evident  that  the  maximum  of  level 
is  given  in  all  cases  by  the  equation 


0.18 
A 


Jx  +  (2-_«)' 


a, 


where  a  represents  the  maximum  of  any  supply  oscillation  from  any 
source. 

0.18 
A 


And  writing /for  this  function 


/,        /0.18c\- 


h' 
and  for  a  given  lake  in  a  series /„,  there  results  -~  =a„,  by  which,  from 

/n 
the  observed  maximum  of  rise  /«'„  in  any  case,  the  corresponding  sup- 
ply may  be  at  once  determined;   while,  again,   this  is  easily  carried 
down  through  any  number  of  lakes  by  their  successive  values  of  the 
retardation  and  the  reduction  ratio. 

An  analysis  of  the  mean  oscillations  of  the  Great  Lakes  is  here  given 
to  illustrate  the  application  of  the  above  formulas  to  the  study  of  such 
data. 

In  this  case  the  following  data  are  given  : 


A. 

C. 

Logf. 

Log  p. 

*'. 

R. 

I.  Superior 

31800 

45  600 

495 

10  000 

7450 

17  000 
26  000 
26  000 
30  000 
34  000 

6.7505 
6.5944 
5.5826 
5.1995 
5.3711 

2.8245 
1.9976 
1.6147 

1.7482 

174°  30' 
174°  08' 
96°  03' 
151°  38' 
140°  36' 

84    30' 

II.  Michigan-Huron 

III.  St.  Clair 

84*  08' 
6'  03' 

IV.  Erie 

61°  38' 

V.  Ontario 

50»  36' 
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The  means  of  twenty-five  years,  from  1871  to  1895,  for  Superior  are 
as  follows: 


Observed  oscillations. 

Computed  trial  oscillations. 

September. 

+0.47 

+0.47 

September. . . 

t 

174' 
—  30° 

/A, 

+0.500 

t 

174' 
+  30= 

August 

+0.45 

+0.44 

October 

144" 
—  30' 

+0.433 

204' 
+  30" 

July 

+0.37 

+0.29 

November... 

114° 
-  30° 

+0.250 

234=- 

+  30' 

June 

May 

+0.16 
—0.15 

-1-0.01 
—0.25 

December.  .. 
January 

&4° 

—  30' 
54° 

—  30' 

0.000 
—0.250 

264" 

+  30° 

294" 

+  30' 

April 

—0.45 

—0.40 

February 

24' 
—  30° 

-0.4a3 

321' 
+  30- 

March 

—0.46 

—0.46 

March 

-  06° 

—0.500 

354° 

By  plotting  and  comparing  this  trial  oscillation  with  the  observed 
one,  it  is  seen  that  the  zero  of  its  t  corresponds  closely  with  the  mean 
March  period,  and  that  its  range  fits  the  whole  series  of  observed 
values  about  as  well  as  possible. 

The  value  of  the  maximum  of  I  hi  is  therefore  taken  as  0.50,  and  the 
oscillation  of  its  supply  is  therefore — 
log 


0.50  =  1.6990 
/i  =  6.7505 
a  =4.9495 


ror  75  =  83  480  sin  t 


83  480. 


The  effects  of  this  upon  all  the  lakes  below  is  readily  carried  down 

as  follows: 

Maximum  Effects. 


log. 

If.              =  174°  30' 
+  J?,        84'  08' 

Ih\ 

+  log  ^2 

=  1.6990  =  0.500 
3.8245 

It\             =  258°  38' 

Ih\ 

=  2.5235  =  0.033 

+  i?3           6°  02'                       1 

+  log  P3 

1.9976 

It.,             =  264°  40' 

Ih', 

=  2.5211  =  0.033 

+  J?^         61°  38. 

+  10gP4 

1.6147 

It\             =  326"  18' 

Ih\ 

=  2.1358  =  0.014 

+  i?5         50'  36' 

+  10gP5 

1.7482 

It\             =376°  54' 

Ih\ 

=  3.8840  =  0.008 
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Again,  from  these  times  and  values  of  the  maxima,  the  complete 
oscillations  are  as  follows: 


Michigan-Huron. 

St.  Clair. 

Erie. 

Ontario. 

f. 

Ih„. 
+0.033 

t. 

265° 
-  30° 

Ih^. 

t. 

//I4. 

t. 

Ih^. 

259° 
—  30° 

+0.033 

326° 
-  30° 

+0.014 

377° 
—  30° 

+0.008 

229° 
—  30° 

-f  0.029 

235' 
—  30° 

+0.029 

296' 
—  30° 

+0.012 

347° 
—  30° 

+0.007 

199° 
-  30° 

+0.017 

205° 
—  30° 

+0.017 

266° 
—  30° 

+0.007 

317° 
—  30° 

-1-0.004 

169° 

—  30° 
139° 

—  30° 

+0.000 
—0.017 

175° 

—  30° 
145° 

—  30° 

0.000 
—0.017 

236° 

—  30° 
206° 

—  30° 

0.000 
-0.007 

287° 

—  30" 
257° 

—  30° 

0.000 
-0.004 

109° 

-  30° 

79° 

-0.029 
—0.033 

115° 

-  30° 

—  85' 

—0.029 
—0.033 

176° 

—  30° 

146° 

—0.012 
—0.014 

227° 

—  30° 

197° 

—0.007 
-0.008 

Again,  from  the  monthly  means  of  the  Michigan-Huron  data,  the 
effect  there  of  the  oscillation  from  Superior  is  first  subtracted,  and  the 
result  gives  the  oscillation  of  Michigan- Huron  from  the  supply  of  its 
own  watei"-shed.  This  is  called  the  local  observed  oscillation,  and  with 
its  corresponding  computed  trial  oscillation  is  given  as  follows: 


Local  observed  oscillation. 


July 

June 

May 

April 

March 

February 

January 


+0.52 

+0.52 

--0.49 
--0.23 

+0.46 

+0.22 

-0.03 

—0.03 

—0.27 

—0.29 

—0.42 

-0.53 

-0.48 

—0.48 

July... 

August. 

September 

October... 

November. 

December. 

January . . 


Computed  trial  oscillation. 


+0.520 
+0.450 
-f0.260 
0.000 
—0.260 
—0.460 
—0.520 


t. 

174° 
204° 
234° 
264° 
394° 
324° 
354° 


Plotting  and  comparing  these  oscillations,  it  is  seen  that  the  max- 
mum  of  0.52  is  best  fitted  to  the  whole  series,  from  which — 
log 


0.52  =  1.7160 
/.      =  6.5944 


or  II  S^  129  470  sin  /. 


a,      =5.1216  =  129  470  J 
The  zero  of  /,  however,  must  in  this  case  be  put  some  4P  later  than 
the  mid- January  period;  and  to  bring  here  the  computed  values  of  this 
oscillation  audits  effects  below  to  the  same  time  scale  as  Superior,  56^ 
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must  in  all  cases  be  subtracted  from  its  values  of  t.  This,  however, 
may  be  done  at  once  on  the  retardations,  and  then  the  Michigan- 
Huron  effects  on  the  Superior  time  scale  are  as  follows : 

Maximum  Effects. 


Michigan-Huron  time. 

nt\>        =  174°  08' 
—    56° 


Superior  time.     // 1'  ■, 


/?3 


118'  08' 
6=  02' 


124=  10' 

61°  38' 


II  fi 

^R.      

II  t\        =  185'  48' 

+  i?s         50"  36- 

II  t\        =  236«  24' 


log 
II  h-.,  1.7160  r^  0.520 

+  log  P3  1.9976 
II  h- 3  =  1.7136  =  0.517 

+  log  Pi  1.6147 
II  h\  =  1.3283  =  0.213 

+  log  p^  1.7482 
Ilh'.  =  1.0765  =  0.119 


And  as  before : 


Complete  Oscillations. 


St.  Clair. 

Erie. 

Ontario. 

t. 

UK. 

t. 

Ilh^. 

t. 

II K. 

124' 

+0.517 

186= 

+0.213 

236° 

+0.119 

94° 

+0.448 

156° 

+0.184 

206° 

+0.103 

64° 

+0.259 

126° 

+0.107 

176° 

+0.060 

34° 

0.000 

96° 

0.000 

146° 

0.000 

04° 

—0.259 

66° 

—0.107 

116=> 

—0.060 

—  26  = 

—0.448 

36° 

—0.184 

86° 

—0.103 

—  56° 

-0.517 

06° 

-0.213 

56° 

-0.119 

In  the  case  of  St.  Clair  there  is  lacking  the  observed  oscillation  to 
start  with,  but  this  may  be  closely  approached  by  assuming,  for  its 
local  supply  a  value  of  a^  corresponding  to  its  water-shed,  and  sum- 
ming the  effects  of  this  with  the  effects  from  above. 

In  this  case  r/g  was  finally  taken  as  most  probably  about  8  000  with 
the  same  period  as  the  Michigan-Huron  supply,  giving  ^S*  =  8  000  sin  t, 
where  the  t  is  reckoned  on  the  Michigan-Huron  scale. 

Here  then 

log 
f  8  000     =  3.9031 

ni  h'.^  =  a,/s    -1      /5       =5.5826 


L  7///i'3  =  1.4857  =  0.306; 
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and  the  following  are  the 

IiIaximum  Effects: 


Michigan-Huron  time. 

Hit:,        =    96'  02' 
56° 

log 

Superior  time.   Ill  f :,        =    40°  03' 

Illha 

=  1.4857  =  0..306 

+i?4         61°  38' 

=  log 

nih\, 

1>4  1.6147 

nit\      =  101°  40' 

=  1.1004  =  0.136 

+i?5         50°  36' 

+  log 

Ps  1.7483 

///  i's          =  152°  16- 

Illh's 

=  2.8486  =  0.070 

And  as  before 


Complete  Oscillations: 


St.  Clair. 

Erie. 

Ontario. 

*. 

nih^. 

t. 

Illh^. 

t. 

Illh^. 

40° 

+0.306 

102° 

+0.126 

152° 

-fO.O70 

70" 

+0.365 

132° 

-1-0.109 

122° 

+0.061 

100° 

-4-0.153 

163° 

+0.063 

92° 

+0.035 

130° 

0.000 

193° 

0.000 

62° 

0.000 

160° 

—0.153 

222° 

—0.063 

33° 

—0.035 

190° 

—0.365 

253° 

—0.109 

02° 

—0.061 

230° 

—0.306 

282° 

—0.126 

-28° 

—0.070 

In  this  case  in  the  place  of  the  computed  trial  oscillation,  the 
complete  oscillation  of  St.  Clair  is  taken  to  add  to  the  effects  from 
above. 

For  Erie,  again  subtracting  the  effects  of  the  three  lakes  above 
from  its  mean  levels,  the  following  is  left  for  the  local  observed  oscil- 
lation and  the  computed  oscillation  corresponding  to  it. 


Local  observed  oscillation. 

Computed  Trial  Oscillation. 

June 

May 

April 

March  — 
February  . 
January. . . 
December. 

-4-0.545 
-H).470 
-f-0.215 
—0.145 
—0.275 
—0.395 
-0.395 

-f-0.545 
+0.115 
+0.165 
—0.075 
—0.355 
—0.490 
—0.395 

June 

July 

August 

September 
October  . . . 
November. 
December . 
1 

t 

152 
122 
93 
63 
32 
02 
-28 

IV  h^ 
+0.500 
+0.433 
+0.250 
0.000 
-O.250 
—0.433 
—0.500 

t 

152 
183 
213 
242 
272 
302 
332 
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And  accepting  this  trial  oscillation,  there  results 
log 


[  or  IV  S=  SI  580  sin  /. 


0.50  =  1.6990 

/^   =  5.1995 
a,  =  1:4995  =  31  580 

While  plotting  and  comparing  it  is  seen  that  the  zero  of  t  is  some 
6°  earlier  than  the  mid-Jantiary  period,  or  in  this  case  66°  must 
be  subtracted  from  all  values  of  f,  to  reduce  them  to  the  Superior 
time  scale. 

Hence : 


Maximum  effects. 

Complete  oscillation, 
Ontario. 

Erie  time. 

t 

IV  h. 

IV  t\ 

=  151°  38' 

136 

-1-0.280 

66°  00' 

log 

106 

+0.243 

Superior 

— 

time. 

IV  t. 

=    85°  38' 

IV  h\        =1.6990  =  0.500 

76 

-1-0.140 

fi?s 

50°  36- 

-hlogp,  1.7482 

46 

0.000 

IV  f. 

=  136°  14° 

IVh's        =1.4472  =  0.280 

16 

—  14 

—  44 

—0.140 
-0.343 

—0.280 

Again,  for  Ontario,  we  have: 


Local  Observed  Oscillation. 

Computed  Trial  Oscillation. 

May 

April 

March 

February . 
January. . . 
December. 
November. 

-1-0.665 
-K).555 
4-0.130 
^.135 
—0.275 
—0.530 
—0.665 

+0.665 
4-0.640 
4-0.365 
4-0.075 
—0.300 
—0.575 
—0.665 

May 

June 

July 

August 

September 
October.... 
November. 

t 

136 

106 

76 

46 

16 

—14 

—44 

Vh^ 
4-0.665 
4-0.576 
4-0.333 
0.000 
—0.333 
—0.576 
-0.665 

t 

136 
166 
196 
226 
256 
286 
316 

From  which 


log 
0.665  =  1.8228 
/.     =  5.2711 


y  or  75=35  620  sin/. 


r/-     =  4.5517  =  35  620    J 
While  plotting  and  comparing  it  is  seen  that  the  zero  of  its  t  falls 
14°  earlier  than  the  mid-January  period,  or  subtracting  74°  from  the 
t  of  its  trial  oscillation  brings  it  also  upon  the  Superior  time  scale. 
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In  going  down  the  chain  of  lakes,  out  of  these  different  elements  of 
their  oscillations  any  desired  combination  can  be  readily  made  up  by 
scaling  coincident  values  of  h  and  taking  their  algebraic  sums.  Of 
these  the  leading  combinations  have  been  made  up  and  shown  with 
the  observed  variation  of  the  mean  levels  on  Fig.  4  ;  and,  indeed, 
it  is  mainly  in  their  graphic  representation  that  this  series  of  move- 
ments is  best  followed.  However,  the  purpose  of  this  study  has  been 
simply  the  analysis  of  these  movements,  and  with  the  equations  and  the 
illustrations  that  have  here  been  given,  it  is  thought  that  there  are  few 
questions  that  may  arise  in  regard  to  variations  of  supply  and  their 
effects  through  any  chain  of  lakes  or  reservoirs  that  may  not  be  readily 
calculated. 

In  contrast  with  these  relations  in  the  lake  levels  it  may  be  inter- 
esting to  note  briefly  the  character  of  similar  relations  in  the  Missis- 
sippi River.  There,  of  course,  the  mathematical  basis  is  wanting. 
Between  the  lakes,  it  matters  not  what  energy  may  be  stored  in  the 
flow,  it  is  wholly  absorbed  through  agitation  in  the  inert  mass  below. 
Thus  the  sheer  fall  of  the  Niagara  River  makes  not  the  slightest  differ- 
ence in  the  relation  of  supply  to  discharge,  or  the  rise  of  one  lake  to 
the  other  ;  but  it  would  certainly  be  a  bold  assumption  to  start  with, 
to  hold  that  essentially  the  same  thing  was  true  for  the  river  ;  and  even 
if  that  were  the  case,  it  is  known  that  the  linear  variation  of  Q  to  h  is 
not  correct  through  the  great  range  of  its  flood  oscillations. 

While,  therefore,  we  cannot  here  calculate  between  two  points 
what  should  be  the  retardation  R,  the  reduction  P,  or  the  ratio  of 
lise  p,  there  are  at  some  twenty  or  more  locations  along  the  Lower 
Mississippi  twenty-five  to  forty  years  of  daily  gauge-readings  from 
which  to  determine  what  they  are  ;  and  as  all  these  data  have  been 
worked  over,  again  and  again,  along  just  these  lines,  its  positive  show- 
ings at  least  merit  a  comparison  with  the  above  theoretic  deductions. 
They  may  be  stated  as  follows:  First,  for  the  ratio  of  reduction  P, 
as  might  be  expected,  it  is  practically  unity.  If  there  is  any  general 
decrease  in  the  magnitiide  of  the  discharge  as  the  flood-wave  passes 
down,  it  is  altogether  beyond  the  range  of  observation.  However,  p, 
the  ratio  of  rise  or  fall,  has  in  general  a  marked  difference  in  value 
between  different  gauges.  It  is  a  well-determined  constant  for  each 
reach  of  the  river  ;  and  while  in  the  course  of  a  number  of  years  it  may 
change  to  some  extent  with  a  change  of  regimen,  in  the  lower  Missis- 
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sippi  it  is  remarkably  stable.  Finally,  R,  the  retardation,  is  also  tliere 
a  constant  of  the  reach.  Its  value  is  very  difierent  frona  gauge  to 
gauge,  and  differs  greatly  per  mile  in  different  ijarts  of  the  river,  but 
once  determined  for  a  given  reach  it  seems  to  be  practically  the  same 
there  for  all  floods  and  for  all  time.  It  is,  however,  measured  in  days 
and  hours,  where  the  retardation  of  the  lakes  is  measured  in  months 
and  years;  and,  unlike  the  retardation,  which  is  a  fraction  of  the  cycle, 
the  retardation  in  the  river  is  the  same  absolute  time,  whether  the 
flood-wave  is  long  or  short. 

From  these  relations  of  the  river  it  might  be  inferred  that  we  are 
dealing  with  something  like  a  limiting  case  of  a  chain  of  lakes,  as,  in- 
deed, it  is  well  known  that  we  are.  Were  the  Mississippi  to  run  down 
to  a  zero  of  discharge,  that  would  be  exactly  what  it  would  show,  only 
here  their  areas,  some  5  to  15  miles  long,  and  from  a  half  to  a  mile 
wide,  are  almost  lost  sight  of,  in  comparison  with  the  great  discharge 
capacity  that  exists  between  them.  In  general,  also,  it  is  a  fact  that 
at  the  highest  stages  the  greatest  velocities  are  found  in  the  locations 
of  the  lakes  themselves  ;  and  Avith  their  functions  thus  reversed,  they 
may  be  much  more  nearly  taken  to  represent  the  points  of  outlets. 
It  is  not,  however,  a  part  of  this  study  to  consider  theories  of  flow  ; 
and  it  is  enough  here  to  note  that,  as  the  character  of  flow  through 
a  chain  of  lakes  corresponds  to  observed  facts  in  the  river,  it  furnishes 
the  basis  of  a  radical  departure  from  the  whole  series  of  assumptions 
upon  which  hydraulic  formulas  have  heretofore  rested. 
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DISCUSSION. 


Mr.  Wisner.  George  Y.  Wisner,  M.  Am.  Soc.  C.  E. — The  members  of  the  Society 
who  are  interested  in  the  hydraulics  of  the  waterways  of  the  Great 
Lakes  are  certainly  deeply  indebted  to  the  authors  for  their  very  elab- 
orate analysis  of  the  theoretical  eifect  of  storage  on  flow  of  water  in 
rivers. 

In  order  that  the  old  adage  that  "figures  cannot  lie"  may  hold 
true  in  all  cases,  it  is  necessary  that  the  premises  and  the  data  from 
which  the  formulas  are  deduced  be  strictly  true,  otherwise  the  prac- 
tical application  of  such  formulas  may  lead  to  the  absurd  result  that 
actual  existing  conditions  are  impossibilities. 

On  page  402  it  is  stated  that  the  supply  to  any  given  lake  from 
inflow,  drainage,  precipitation  and  evaporation  will  vary  as  the  sine 
of  an  arc  on  a  circle  whose  whole  circumference  represents  one  year; 
that  "the  discharge  from  the  lake  is,  of  course,  determined  at  any 
time  solely  by  the  value  of  h,  or  the  level  of  its  outlet  at  that  time  "; 
and  that  "it  is  suflBcient  to  take  Q  as  made  up  of  a  constant  element 
Qy,  the  value  of  discharge  at  an  assumed  level,  and  a  variable  element 
c  h,  where  h  gives  the  surface  at  any  time  above  or  below  this  arbitrary 
level,  and  c  is  the  average  change  in  discharge  there  per  foot  of  rise  or 
fall." 

These  assumptions  come  about  as  near  representing  the  actual 
conditions  on  the  lake  waterways  for  any  given  year  as  a  composite 
photograph  of  a  hundred  jjersons  would  represent  the  individual  char- 
acteristics of  any  one  of  the  sitters. 

The  formulas  based  on  these  assumptions  have  been  derived  by  the 
use  of  the  integral  calculus,  which  presupposes  that  the  supply,  the 
discharge  through  the  ou.tlets,  and  the  oscillations  of  the  lake  sur- 
faces are  regular  variables;  while  in  fact  they  are  well  known  to  be  so 
irregular  that  it  is  impossible  to  predict  their  variations  one  month  in 
advance.  From  these  deduced  formulas  it  is  shown  (see  page  363)  that 
the  ratio  of  the  maximum  supply  to  the  maximum  discharge  is  inde- 
pendent of  supply.  This  conclusion  alone  is  sufficient  to  indicate 
that  the  results  derived  theoretically  do  not  conform  with  the  facts. 

The  supi3ly  is  made  up  of  the  algebraic  sum  of  the  inflow  from 
other  lakes,  the  run-oif  from  the  water-shed,  the  precipitation  on  the 
lake,  and  the  evaporation  from  the  surface  of  the  lake.  The  first  three 
of  these  elements  are  positive  and  the  last  negative,  and  as  a  general 
rule  it  may  be  stated  that  years  of  maximum  precij^itation  and  inflow 
ai-e  years  of  minimum  evaporation,  and  rice  versa.  An  examination  of 
the  tables  of  water  levels  of  Lakes  Michigan  and  Huron  for  the  past  35 
years,  shows  that  the  fluctuations  of  the  levels,  due  to  variation  in  the 
supply  and  discharge,  at  times  amount  to  as  much  as  8  ins.  per  month 
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iu  depth  over  the  whole  lake,  corresponding  for  a  rising  stage  to  a  Mr.  Wisner. 
positive  supply  of  about  500  000  cu.  ft.  per  second,  and  for  a  falling 
stage  to  a  negative  supply  of  about  200  000  cu.  ft.  per  second,  making 
the  total  variation  in  the  supply  700  000  cu.  ft.  per  second.  The  area 
of  Lakes  Michigan  and  Huron  vai'ies  but  little  for  different  stages, 
and,  therefore,  whatever  theoretical  change  takes  place  in  the  ratio  of 
maximum  supply  to  maximum  discharge  for  different  seasons  or  stages 
depends  on  the  value  (c)  of  the  increment  of  change  in  discharge  for 
1  ft.  change  in  stage — a  quantity  which  has  been  assumed  by  the 
authors  to  be  a  constant,  or,  in  other  words,  the  ratio  would  be  nearly 
constant,  which  the  tables  of  water  levels  show  is  not  the  ease. 

The  fundamental  equation,  Q  =^/[h),  in  which  f  {!/)  always  increases 
and  diminishes  with  //,  is  all  right  for  reservoirs  under  certain  con- 
ditions, but,  unfortunately,  these  conditions  do  not  now  exist  at  the 
outlet  of  Lake  Huron.  In  fact,  the  conditions  the  authors  have  as- 
sumed to  exist  are  the  very  ones  that  the  advocates  of  lake  regulation 
are  desirous  of  prodiicing. 

The  St.  Clair  and  Detroit  Rivers,  being  simply  connecting  links 
between  Lakes  Huron  and  Erie,  their  surfaces  fluctuate  with  the  levels 
of  the  two  lakes  and  with  a  slope  depending  upon  the  respective  levels 
of  each,  and  since  the  fluctuation  of  Lake  Erie  exceeds  that  of  Lake 
Huron,  the  slope  of  the  rivers  is  generally  greater  at  the  low  stages  of 
the  lakes  than  at  the  high  stages.  A  large  percentage  of  the  fall  from 
Lake  Huron  to  Lake  St.  Clair  (about  5.4  ft.  for  mean  stage)  is  at  the 
outlet  of  Lake  Huron  (which  at  the  gorge  is  only  750  ft.  wide), 
and  any  change  in  this  fall,  due  to  unequal  changes  of  levels  of  the  re- 
spective lakes,  produces  very  decided  changes  in  the  slope  of  the  rapids 
at  the  outlet  of  Lake  Huron,  and  a  corresponding  change  in  the  vol- 
ume of  the  discharge.  The  volume  of  discharge,  therefore,  not  only 
depends  on  the  stage  at  the  outlet,  but  also  on  the  relative  eleva- 
tion of  the  water  surface  of  Lake  St.  Clair;  but  as  the  water  surface 
of  the  latter  follows  the  level  of  Lake  Erie  very  closely,  the  discharge 
of  Lake  Huron  will  depend  on  the  stage  of  that  lake,  and  also  on  that 
of  Lake  Erie.  If  the  level  of  Lake  Erie  be  so  regulated  that  the  oscil- 
lations, aside  from  those  due  to  winds,  be  reduced  to  a  few  inches, 
the  area  of  the  cross-section  of  the  outlet  of  Lake  Huron  and  the  slope 
of  the  river  through  the  gorge  would  depend  upon  the  stage  of  water 
at  the  outlet,  and  the  fundamental  formula  used  by  the  authors  would 
then  be  applicable.  It  needs  no  mathematical  demonstration  to  es- 
tablish the  fact  that  storage  is  absolutely  essential  to  any  system  of 
improvement  of  the  lake  waterways  based  on  the  regulation  of  lake 
levels.  The  studies  which  are  now  being  made  of  this  subject  con- 
template only  such  changes  in  the  flow  through  the  lake  outlets  as 
will  produce  the  maximum  benefit  to  commerce,  by  controlling  the 
discharge  at  Buffalo  sufficiently  to  maintain  a  nearly  constant  level  for 
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Mr.  Wisner.  the  lake,  and  at  the  same  time  rendering  the  storage  in  Lakes  Michi- 
gan and  Huron  more  effective,  by  making  the  discharge  from  Lake 
Huron  depend  on  the  stage  of  water  in  those  lakes.  The  slope  of  the 
St.  Clair,  under  present  conditions,  is  greatest  during  the  low-water 
season  of  the  winter,  but,  with  Lake  Erie  regulated,  it  would  be  a 
minimum  in  the  winter,  thus  giving  a  maximum  effect  to  the  storage 
capacity  of  Lakes  Michigan  and  Huron. 

The  area  of  the  lake  reservoir  system  above  Lake  Erie  is  such  that, 
for  an  average  season,  the  inflow  through  the  Detroit  River  would 
raise  the  level  of  Lake  Erie  22  ft.  if  not  discharged,  and  the  changes 
in  the  flow,  which  will  be  produced  by  regulation,  will  be  so  small, 
compared  with  those  due  to  variation  of  precipitation  and  evaporation, 
that  no  injurious  results  can  possibly  arise. 

It  is  stated  that  "  The  balance  of  forces  which  Nature  has  here 
produced  in  the  course  of  long  ages  is  one  of  the  most  marvelous 
features  of  these  lakes;  and  a  careful  contemplation  of  it  cannot  fail 
to  convince  one  that  an  almost  perfect  compromise  has  been  reached 
between  the  conflicting  oscillations  of  lake  level  and  oiitlet  discharge. 
It  is  difficult  to  see  how  either  could  be  brought  nearer  to  absolute 
uniformity  without  a  resiilting  dej^arture  in  the  other  which  would 
more  than  offset  the  gain." 

The  same,  with  equal  fairness,  may  be  said  of  the  tidal  forces, 
which  in  a  long  series  of  years  have  produced  certain  depths  on  the 
sand  bars  which  obstruct  the  entrances  of  ocean  hai'bors ;  yet 
where  would  the  commerce  of  this  country  be  to-day  if  these  forces, 
under  the  guiding  skill  of  the  engineer,  had  not  been  so  modified  that 
they  have  jjroduced  and  maintained  channels  of  more  than  double 
the  natural  depths  ?  If  it  is  true  that  beneficial  results  cannot  be 
produced  by  modifying  the  action  of  the  forces  of  Nature,  the  writer 
sees  no  reason  why  the  maritime  and  river  and  harbor  engineers 
should  not  retire  from  business. 

The  author  of  the  first  jiart  of  the  paper  advocates  placing  regulat- 
ing works  directly  in  the  outlets  of  lakes,  such  that  the  piers  would 
contract  the  cross-section  sufficiently  to  raise  the  lake  level,  and,  by 
means  of  needle  dams,  control  the  oscillation  of  the  lakes. 

It  is  certainly  a  fact  that,  if  the  gorge  of  the  outlet  be  diminished 
in  width,  the  mean  level  of  the  lake  will  be  raised,  and  it  is  equally 
true  that  such  contraction  will  increase  the  fluctuations  of  the  lake 
level  and  thereby  augment  the  evil  which  it  is  wished  to  correct,  and 
at  the  same  time  cause  great  damage  to  the  existing  structures  of  the 
lake  harbors. 

If  the  regulating  works  should  be  placed  at  the  foot  of  the  lake, 
above  the  outlet,  the  water  in  the  gorge  below  would  rise  and  fall 
with  the  change  in  the  discharge  over  the  fixed  dam,  or  through  the 
regulating  dam — either  of  which  would  accomplish  the  purpose— and 
thereby  carry  off  the  surplus  water  at  the  time  that  the  lake  in  its 
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natural  condition    would   rise,  and   restrict   the    outflow   during   the  Mr.  Wisner. 
remainder  of  the  season,  Avhen,  under  the  present  conditions,  the  dis- 
charge through  the  outlet  is  greater  than  the  supply. 

It  is  stated  that  "  The  only  way  the  effects  of  diversions  can  be 
counteracted  is  to  contract  the  outlets,  so  that  the  flow  thi'ough  them 
at  the  noi'mal  mean  level  shall  he  diminished  by  an  amount  equal 
to  the  diversion." 

The  result  of  such  a  remedy  would  be  worse  than  the  evil  it  is 
intended  to  correct.  It  is  a  well-known  fact  that  vessels  on  the  lakes 
are  constructed  with  reference  to  maximum  navigable  depth  in  the 
lake  channels,  and  any  improvement  tending  to  increase  the  fluctua- 
tions in  these  depths  would  be  very  injurious  to  the  lake  commerce. 

The  depth,  which  may  be  obtained  and  maintained  through  our 
lake  waterways  and  thence  to  the  sea-board,  is  not  nearly  of  so  much 
importance  as  that  it  shall  be  made  nearly  constant  for  the  season  of 
navigation  through  the  channels  from  Lake  Huron  to  Buftalo. 

This  cannot  be  done  by  any  contracting  works  in  the  outlets  of  the 
lakes,  but  it  can  be  accomplished  by  regulating  works  at  the  foot  of 
Lake  Erie,  leaving  the  outlet  unobstructed  to  take  care  of  the  maxi- 
mum discharge,  which  would  be  approximately  the  same  as  under 
natural  conditions.  With  the  level  of  Lake  Erie  regulated,  the  dis- 
charge at  the  outlet  of  Lake  Huron  would  vary  with  the  stage  of 
water  in  the  lake,  and,  if  it  should  then  be  found  that  the  storage 
capacity  of  Lakes  Michigan  and  Huron  was  in  excess  of  what  was 
needed,  the  fluctuations  of  those  lakes  could  be  reduced  by  enlarging 
the  cross-section  of  the  gorge  at  the  head  of  the  St.  Clair  River. 

In  the  improvements,  by  dredging,  which  have  heretofore  been 
made  in  the  St.  Mary's,  St.  Clair  and  Deti-oit  rivers,  the  material 
excavated  has  been  carefully  deposited  in  the  streams  adjacent  to  the 
cuts,  for  the  purpose  of  maintaining  the  normal  cross-sections  as 
established  by  Nature,  and  it  has  been  shown,  theoretically,  by  several 
very  elaborate  reports,  that  these  improvements  could  to  no  appreci- 
able extent  lower  the  slopes  of  these  waterways;  yet,  in  spite  of  these 
theoretical  impossibilities,  the  water  level  beloAV  the  locks  at  Sault 
Ste.  Marie  is  about  half  a  foot  less  than  for  the  same  stage  in  Lake 
Huron  before  the  improvements  were  made,  and  the  slope  from 
Lake  Huron  to  Lake  Erie,  for  an  average  stage  of  the  two  lakes,  is 
aboixt  7  ins.  less  than  it  was  previous  to  the  deepening  of  these 
waterAvays. 

H.  W.  Brinckeehoff,  M.  Am.  Soc.   C.  E. — It  seems  possible  that  Mr.  Brincker- 
some  of  those  calculations  of  lake  discharge  might  have  to  be  labeled  ^^^' 
as  Mr.  Dann,  late  weather  prognosticator  of  the  first  district,  used  to 
mark  his  prophecies — "Subject  to  revision  by  the  east  wind."     Of 
course  the  effect  of  the  wind  on  lake  discharge  would  be  temporary 
and  perhaps  slight;  but  the  sjjeaker  remembers  hearing  an  eye  wit- 
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Mr.  Brincker-  ness  state  that  the  flow  of  the  Niagara  River  was,  in  the  early  part  of 
the  century,  once  completely  checked,  so  that  for  a  few  hours  it  was 
X30ssible  to  walk  across  the  bed  of  the  river  above  the  Falls.  This  was 
caused  by  the  wind,  but  not  because  the  wind  blew  up  the  river.  Lake 
Erie  is  the  shallowest  of  all  the  Great  Lakes,  and,  therefore,  more 
easily  affected  by  the  wind,  which  causes  at  Buffalo,  and  presumably 
also  at  the  other  end  of  the  lake,  quite  extensive  wind  tides.  On  this 
particular  occasion  it  is  probable  that  the  water  in  the  lake  was  un- 
usually low,  but,  in  addition  to  that,  the  wind,  for  some  time  blowing 
strongly  from  the  upper  end  of  the  lake  toward  the  lower,  forced  out 
through  the  Niagara  River  all  the  water  that  it  could,  and  then  turned 
around  and  blew  the  other  way,  and  lowered  the  remaining  water  so 
much  at  the  eastern  end  of  the  lake  that  it  was  below  the  level  of  the 
bar  or  shoal  at  the  head  of  the  Niagara  River,  thus  stopping  its  flow 
for  the  time. 

Mr.  Johnson.  J.  B.  JoHNSON,  M.  Am.  Soc.  C.  E. — The  regulation  or  control  of 
the  level  of  the  Great  Lakes,  while  apparently  a  small  matter — and 
many,  perhaps,  have  jumped  to  the  conclusion  that  it  is  very  simple 
— is  really  a  serious  and  difficult  problem,  and  should  be  approached 
with  extreme  care,  and  only  after  a  long  series  of  physical  investiga- 
tions. The  speaker  believes  that  such  investigations  are  now  being 
undertaken  by  the  officers  who  are  in  charge  of  the  survey  of  the 
lakes,  and  that  a  number  of  years  will  be  given  to  the  study  of  this 
subject.  Active  work  has  already  begun,  tending  to  develop  all  the 
facts  that  would  seem  to  be  material.  This  paper  lays  oiat  the  ground 
on  which  will  have  to  be  based  all  future  studies  for  the  improve- 
ment of  the  lakes,  their  harbors  and  their  connecting  channels,  and 
is  a  valuable  contribution  to  professional  literature. 

On  the  Michigan  Peninsula  and  around  the  shores  of  Lakes  Michi- 
gan and  Hui'on  on  the  south,  the  ground  is  so  extremely  sandy  that 
the  underground  flow  must  be  very  large,  so  that  these  lakes  receive 
a  great  quantity  of  water  which  could  never  be  ascertained  by  the 
ordinary  method  of  observing  run-off  by  gauging  streams. 
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CORRESPONDENCE. 


Thomas  P.  Roberts,  Esq. — Captain  Chittenden,  on  page  3.59,  says:  Mr.  Roberts. 

"  It  may  be  accepted  as  a  preliminary  condition,  to  which  there 
can  be  no  qualification,  that  any  alteration  of  natural  conditions  in 
the  Great  Lakes,  which  shall  result  in  a  material  diminution  of  flow 
in  the  outlets  during  any  portion  of  the  navigation  season,  cannot  be 
considered  for  a  moment." 

This  bold  sentence  appears  as  a  syllabus  in  the  ojiening  of  the  sub- 
ject, and  is  well  calculated  to  draw  attention  and  excite  discussion, 
for  not  all  of  his  readers  will  agree  with  its  sweeping  conclusions. 

It  may  be  admitted  that  no  diminution  in  the  flow  of  the  St. 
Mary's,  and  possibly  in  the  Detroit  River,  is  to  be  permitted  dui'ing 
the  season  of  navigation,  /.  e. ,  reducing  their  flow  below  their  mean 
discharge,  but  the  remark  is  not  so  fully  applicable  to  the  Niagara, 
which  is  not  navigable,  iinless,  indeed,  it  be  shown  that  no  contracting 
works  to  compensate  for  the  diminished  supply  to  Lake  Ontario  can 
be  tolerated  on  the  St.  LaAvrence.  May  it  not  be  possible,  even  with 
the  discharge  of  the  St.  Lawrence  somewhat  diminished,  with  train- 
ing works  to  maintain  its  navigation  unimpaired  ?  Theoretically,  at 
least,  it  does  not  appear  to  the  writer  to  be  practicable  to  maintain 
the  levels  of  the  Great  Lakes  at  or  above  their  mean  levels  without, 
during  seasons  of  protracted  drought,  somewhat  trenching  upon  the 
discharge  of  the  outlets,  yet  he  fancies  this  trenching  will  not  actually 
amount  to  rediicing  their  discharge  to  less  than  their  extreme  normal 
minimum  flow.  Their  least  discharge  with  dams  should  be  more 
than  their  existing  minimum,  because  the  dams,  by  increasing  the 
areas  and  capacities  of  the  lakes,  under  Captain  Chittenden's  Fun- 
damental Proposition  I,  will  give  to  their  outlets  a  more  uniform 
dischai-ge  than  they  would  have  without  them.  However,  as  "we 
must  not  trust  too  far  to  keeping  our  pennies  while  buying  our  pies," 
at  the  same  time  let  us  not  be  alarmed  too  much  concerning  the  out- 
lets. If  some  of  their  water  supply  should  happen  to  be  shut  oft', 
it  is  within  the  range  of  art  to  compensate  for  such  mischief. 

The  writer  finds  himself  mentally  noting  "correct,"  "correct,'* 
to  paragi-aph  after  paragraph  of  Captain  Chittenden's  propositions 
and  arguments,  though  all  the  time  instinctively  feeling  that  to  agree 
to  all  of  them  will  leave  the  advocates  of  dams  with  not  a  leg  to  stand 
on,  and  to  almost  force  the  conclusion  that  nothing  whatever  can  be 
done  for  the  improvement  of  the  Great  Lakes.  Captain  Chittenden 
and  Mr.  Seddon  deserve  thanks,  if  for  nothing  else,  in  having  demon- 
strated that  great  carefulness  is  to  be  exercised,  and  that  only  con- 
servative ideas  of  lake  improvement  are  likely  to  be  ever  realized. 
Referring  to  one  of  the  deductions  from  Proposition  III,  relating 
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301-.  Robert?,  to  tlie  suggestion  of  storing  water  in  Lake  Michigan  to  make  up  the 
amount  diverted  for  the  proposed  maintenance  of  the  Chicago  drain- 
age canal,  Captain  Chittenden  says,  page  381: 

"  The  storage  of  water  in  Lake  Superior  must  commence  by  cut- 
ting off  the  outflow.  When  the  stored  water  is  run  out,  the  total  in- 
crease of  How  over  the  normal  condition  will  only  be  equal  to  the  pre- 
vious decrease.  In  other  words,  the  total  supply  to  the  lakes  below, 
upon  which  their  mean  level  depends,  cannot  be  altered  a  particle  by 
storage." 

Certainly  the  total  supply  to  the  lower  lakes  will  not  be  altered  a 
particle,  but  this  is  far  from  proving  that  the  regulation  of  the  supply 
-from  Lake  Superior  will  not  prove  of  benefit  to  Lakes  Huron  and 
Michigan.  It  may  be  found  practicable  to  so  gradually  store  water 
in  Lake  Superior  as  not  to,  while  so  doing,  diminish  the  twin  level 
lakes  below  a  desirable  least  level.  However,  the  amount  of  damage 
which  is  likely  to  result  by  reason  of  overflow  along  the  shores  of 
Lake  Michigan  should  be  known  before  seriously  discussing  the 
xitility  of  that  great  lake  as  an  impounding  reservoir. 

In  the  case  of  the  improvement  of  a  river  by  means  of  permanent 
dams,  the  engineer  expects  to  increase  its  mean  level,  but  at  the  same 
time  reduce  the  range  between  its  high  and  low  stage.  The  only  thing- 
calling  for  much  concern  is  the  effect  of  his  dams  in  increasing  the 
height  of  the  maximum  rises.  It  cannot  be  said  that  dams  at  the  out- 
lets of  the  Great  Lakes  would  be  analogous  to  dams  on  an  average 
river,  for  very  likely  fixed  structures  in  the  outlets  of  the  lakes  would 
disastrously  affect  the  maximum  levels  of  the  lakes  above  them,  but 
with  a  system  of  movable  dams  under  proper  management,  the  writer 
contends  that  the  records  of  the  fluctuations  of  the  lakes  during  the 
past  quarter  of  a  century  do  not  afford  ground  for  alarm. 

Referring  to  the  profile  of  the  lake  oscillations,  Plate  XXXVI,  on 
Lake  Superior  is  found  a  conspicuous  apex  during  the  summer  of 
1876,  so  marked  indeed  that  it  becomes  a  matter  of  practical  import- 
ance to  know  what  damages  would  result  from  considering  it  an  eleva- 
tion which  might  hereafter  be  approximated,  at  least  somewhat  more 
frequently  than  in  the  past,  if  a  dam  were  constructed  on  the  St. 
Mary's  River.  The  profile  indicates,  however,  that  for  three  years 
preceding  1876,  the  lowest  levels  of  Lake  Superior  were  above  the 
mean  level,  so  that  the  probabilities  are  that  if  an  adjustable  dam  had 
been  in  existence  during  those  years  it  would  have  remained  down, 
and  consequently  the  rise  of  1876  would  not  have  been  augmented 
by  its  existence.  If,  in  the  fall  of  1876,  the  dam  had  been  raised,  it 
could  have  held  surplus  water  until  1879  or  1880,  which  (without  a 
dam  on  the  St.  Clair  River),  would  have  assisted  in  maintaining  Lakes 
Michigan  and  Huron.  However,  it  is  to  be  granted  that  when  such 
large  profile  areas  of  depression  as  existed  in  the  lower  lakes  between 
1890  and  1898  are  considered,   it  becomes  manifest  that  something 
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more  than  storage  water  from  Lake  Superior  is  demanded  to  meet  the  Mr.  Roberts, 
requirements  of  navigation. 

For  Lake  Erie  there  ajipears  to  have  been  no  urgent  necessity  for 
increased  depth  from  1875  to  1891,  a  period  of  16  years.  Let  it  be  sup- 
posed that  an  adjustable  dam  had  existed  in  the  Niagara  River  during 
these  years.  It  would  probably  have  been  lowered  in  1882,  when  the 
indications  were  that  the  lake  would  not  decline  to  mean  level.  It 
would  have  been  partially  raised  in  the  beginning  of  1889;  lowered 
one  year  later  early  in  the  season,  possibly  without  materially  increas- 
ing the  summer  rise  of  1890;  again  raised  in  the  fall  of  1890,  and  kept 
either  altogether  or  partly  raised,  to  the  present  season.  This  would 
have  made  only  four  maneuvers  of  the  dam  necessary  in  sixteen  years' 
time,  the  last  maneuver  holding  Lake  Erie  at,  or  somewhat  above, 
its  mean  level  for  seven  years,  during  which  time  it  is  difficult  to  see 
how  the  discharge  of  the  Niagara  River  would  have  materially  varied 
from  its  discharge  diiriug  those  years,  with  no  dam  supposed  to  be  in 
existence.  The  summer  rises  on  Lake  Erie  Avould  have  been  several 
tenths  higher  with  a  dam  than  without  one,  but  the  range  between 
high  and  low  on  the  lake  would,  with  the  dam,  have  been  greatly 
lessened,  and  a  lessened  range  on  the  lake  implies  a  more  equable 
discharge  in  its  outlet.  Nor  does  the  study  of  the  profile  of  oscilla- 
tions indicate  that  with  adjustable  dams  at  the  outlets  of  any  of  the 
lakes,  excepting  possibly  Ontario,  arranged  to  be  lowered  invariably 
upon  the  advent  of  rises  above  mean  lake  level,  would  have  added  to 
their  maximum  rise,  for  the  reason  that  in  no  year  iJreeeding  a  decided 
maximum  on  the  lakes  above  Ontario  is  foiind,  during  the  navigation 
season,  a  level  below  the  mean,  calling  for  their  raising;  consequently, 
the  dams  would  have  been  down  many  months  before  the  maxi- 
mum floods  neared  the  danger  line.  The  year  1890  is  an  apparent  ex- 
ception to  this  rule,  for  Lake  Erie,  when  a  winter  low  water  of  about 
1  ft.  below  mean  level  was  followed  six  months  later  with  a  rise  of 
l.j  ft.  above  mean  level. 

Whatever  importance  Captain  Chittenden  may  attach  to  his  own 
deductions  from  the  propositions  laid  down  by  himself,  it  is  gratify- 
ing (see  page  383),  if  dams  must  be  had,  to  find  him  endorsing  a  series 
of  needle  dams  between  piers  extending  across  the  Niagara,  in  prefer- 
ence to  a  fixed  wier.  The  wa-iter  entertains  the  samejireference  for  an 
adjustable  structure  at  that  point,  and,  in  January,  1896,  in  a  com- 
munication to  Senator  Brice,  which  was  published,  along  with  com- 
munications from  others,  in  a  rei^ort,  without  a  document  number,  of 
a  committee  to  the  Senate,  suggested  pontoons  between  piers, 

The  writer  never  entertained  the  idea  that  the  lakes  could  be 
maintained  at  a  substantially  uniform  level,  but  believes  it  to  be 
practicable  to  confine  their  range  between  their  present  mean  and  high- 
water    levels.     The   phenomena   on   the   lakes  which  will  follow  the 
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Mr.  Roberts,  construction  of  controlling  works  wliicli  would  affect  this  result  mar 
indeed  present  novel  aspects  responsive  to  the  rules  laid  down  in 
the  paper,  but  not  attended  with  consequences,  in  all  probability,  as 
alarming  as  might  be  inferred  by  some  who  will  grant  the  correctness 
of  the  propositions  advanced  by  its  authors. 
Mr.  Rafter.  George  W.  Rafter,  M.  Am.  Soc.  C.  E. — The  general  question 
of  the  effect  of  reservoirs  as  moderators  of  flood  flows,  and  the  use 
which  can  be  made  of  their  water  registers  to  determine  the  yield  of 
the  tributary  drainage  areas,  has  been,  so  far  as  known  to  the  writer, 
more  thoroughly  discussed  in  this  paper  than  in  any  other  jilace. 
The  authors  deserve  great  credit  for  the  thorough  manner  in  which 
they  have  treated  the  problem.  Among  the  more  interesting  discus- 
sions of  the  general  proposition  with  which  the  writer  is  familiar,  that 
of  Lieutenant-General  Mullins,  as  given  in  his  Irrigation  Manual,  may 
be  mentioned.  In  that  discussion  General  Mullins  refers  to  formulas 
devised  by  General  O'Connell,  of  the  East  Indian  service,  which, 
however,  have  not  jjassed  under  the  writer's  notice  any  further  than 
as  referred  to  in  the  "Irrigation  Manual."  The  general  i)roblem  has 
been  discussed  in  other  places,  but  the  present  paper  must  be  credited 
with  being  the  most  complete  of  any  discussion  thus  far  made. 

Many  of  the  propositions  of  the  paper  are  fundamentally  sound, 
although  the  writer  cannot  but  think  that  the  methods  of  computa- 
tion used  are  more  cumbersome  than  actually  necessary.  It  is  be- 
lieved that  an  arithmetical  solution  could  be  used  with  considerable 
economy  of  labor  and  time.  Under  this  head,  it  may  be  pointed  out 
that  the  authors'  use  of  quantities  in  cubic  feet  per  second  is  one  of  the 
iinnecessarily  cumbersome  features  of  the  computation.  A  reduction 
of  the  data  to  inches  on  the  water-shed,  and  a  rational  use  of  the  same, 
would  by  itself  simplify  the  treatment  greatly.  It  is  not  desired,  how- 
ever, to  sijecially  press  this  point,  but  rather  to  point  out  what  seems 
to  be  an  unsound  position  of  the  authors  in  regard  to  the  desirability 
of  considering  rainfall,  run-oflf  and  evaporation  data. 

It  is  conceded  that  the  uniformity  of  flow  characterizing  the  dis- 
charge of  the  Great  Lakes  is  due,  purely,  to  the  equalizing  eflfect  of 
the  vast  storage  on  the  surfaces.  The  position  of  the  authors  ap- 
parently is,  that  the  effect  of  this  storage  is  so  great  that  consideration 
of  the  temporary  effect  of  rainfall  and  run-off  from  the  tributary  land 
areas  is  unnecessary.  It  seems  to  the  writer  that  this  is  equivalent  to 
saying  that  the  whole  is  less  than  the  sum  of  all  its  parts.  Since 
making,  two  years  ago,  a  brief  study  of  some  of  the  questions  dis- 
cussed in  the  paper,  it  has  seemed  to  the  writer  an  exceedingly  in- 
teresting circumstance  that,  notwithstanding  all  the  discussion  of 
outflow  of  the  Great  Lakes  which  has  taken  place,  no  one  has  thus 
far  been  able  to  treat  the  rainfall  and  run-off  part  of  the  problem  satis- 
factorilv. 
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This  is  the  more  astonishing  when  is  considered  the  number  of  Mr.  Rafter, 
rainfall  data,  apj^lying  to  the  basin  of  the  Great  Lakes,  which  are  now 
available.  A  considerable  number  of  meteorological  stations  have  been 
maintained  in  this  drainage  basin  by  the  Federal  Government  from 
about  1871,  while  all  the  States  bordering  on  the  Great  Lakes  have 
maintained  State  services  for  a  number  of  years,  thus  accumulating  a 
vast  amount  of  meteorological  data.  The  Lake  Survey  also  gathered 
considerable  useful  information  of  this  character,  from  about  1866  or 
1867  to  1871  or  1872.  To  the  north  of  the  Lakes,  the  Dominion  Govern- 
ment has  maintained  meteorological  stations  since  about  1870.  There 
are,  therefore,  fully  twenty-five  years'  data  of  the  rainfall  of  the  Great 
Lakes  Basin;  and  while  it  is  true  that  a  longer  period  would  give 
more  accurate  means,  still,  inasmuch  as  this  happens  to  be  the  kind 
of  a  problem  where  means  are  not  specially  important,  it  is  believed 
that  the  data  are  sufficient  for  a  rational  solution.  As  to  the  proper 
method  of  treating  this  portion  of  the  data,  the  writer  would  suggest 
the  preparation  of  a  map  of  the  drainage  basin,  on  which  should  be 
compiled  all  the  rainfalls  for  the  period  covered  by  each  record.  This 
majD  should  be  divided  into  isoclimatic  areas,  each  representing  a 
given  rainfall.  With  the  exception  of  the  widest  portion  of  Lake 
Superior,  there  is  no  good  reason  for  supi)osing  that  any  of  the  lakes 
are  so  wide  that  the  lines  indicating  these  divisions  could  not  extend, 
without  material  error,  across  the  lakes,  there  being,  thus  far,  ab- 
solutely no  evidence  derived  from  actual  observation  that  the  rainfall 
over  the  water  areas  is  very  materially  different  from  that  on  the  ad- 
jacent land  areas.  "With  such  a  map,  and  with  the  areas  of  each  dis- 
trict carefully  taken  out,  it  would  not  be  difficult  to  comjinte  the  mean 
rainfall  for  any  given  year  over  the  entire  drainage  basin  far  more 
accurately  than  the  run-oflfs  through  the  outlets  can  ever  be  measured. 
Such  a  map  may  be  termed  an  isoclimatic  chart,  and,  with  the  large 
number  of  data  now  at  hand,  the  sub-areas  could  be  so  apportioned 
that  the  meteorological  conditions  in  each  area  would  siibstantially 
correspond. 

The  authors  have  referred  to  the  year  1895  as  the  one  of  extreme 
low^  water  in  all  the  lakes  except  Superior,  which  during  that  year 
was  slowly  rising.  The  following  references  to  the  rainfall  data  for 
the  years  from  1892-95,  inclusive,  will  show  not  only  that  a  fall  in  the 
lakes  was  inevitable  during  the  period  mentioned,  but  also  that,  on 
the  whole,  such  decrease  in  elevation  was  in  accordance  with  the  clear 
indications  of  the  rainfall  record.  As  to  the  fact  that  Lake  Superior 
was  rising  while  the  other  lakes  were  falling,  the  writer  at  this  time 
attempts  no  explanation. 

Table  No.  5  contains  statistics  of  rainfall  for  the  years  1892-1895  at 
a  number  of  points  either  actually  in  or  very  near  the  Great  Lakes 
Basin,  which  have  been  prepared  for  water  years,  each  beginning  with 


438    CORRESPONDENCE    ON    RESERVOIR   SYSTEM    OF    GREAT    LAKES. 

Mr.  Rafter,  the  month  of  December  of  the  jjrevious  year,  and  terminating  with  the 
month  of  November.  The  water  year  is  divided  into  three  periods; 
the  months  from  December  to  May,  inclusive,  forming  what  is  termed 
a  storage  period;  June  to  August,  inclusive,  the  growing  period;  and 
September  to  November,  inclusive,  the  replenishing  period.  Under 
this  arrangement  the  water  year  for  1892,  for  instance,  extends  from 
December,  1891,  to  November,  1892,  inclusive,  and  so  on  for  the 
other  years. 

The  run-offs  of  the  growing  and  replenishing  periods  are  compar- 
atively small,  and  the  statements  of  the  quantities  of  rainfall  for  these 
periods  are,  therefore,  omitted  in  the  table  in  order  to  save  space. 

While  the  table  contains  only  a  few  of  the  many  records  that 
could  be  cited  from  the  Great  Lakes  Drainage  Basin,  still,  inasmuch 
as  nothing  more  than  illustration  is  required,  it  may  be  considered 
sufficient  at  this  time.  It  is  easily  determined  that,  at  the  stations 
cited,  the  rainfall  was  either  very  low  for  all  the  years  in  the  jjeriod 
under  consideration,  or  else  that  for  the  year  1895  it  was  much  lower 
than  the  mean.  Duluth,  Minneapolis,  Green  Bay,  Madison,  Milwau- 
kee, Chicago,  Logansport,  Ann  Harbor,  Grand  Haven,  Saint  Ignace. 
Traverse  City,  Cleveland,  Toledo,  Biiffalo,  Winnipeg  and  Toronto 
may  be  cited  in  proof  of  this  position. 

TABLE  No.  5. — KainfaliL,  in  Inches,  at  Various  Places  in  or  near 
THE  Great  Lakes  Basin. 


Pokegama  Falls,  Minn. 

Duluth,  Minn 

Minneapolis,  Minn 

Green  Bay,  Wis 

Madison,  Wis 

Milwaukee,  Wis 

Chicago,  111 

Logansport,  Ind 

Ann  Arbor,  Mich 

Grand  Haven,  Mich. . . 

Marquette,  Mich 

Saint  Ignace,  Mich 

Traverse  City,  Mich. . . 

Cleveland,  O 

Toledo,  O 

Buffalo,  N.  Y 

Winnipeg,  Man 

Port  Arthur,  Ont 

Toronto,  Ont 


Storage  Period. 

December  to  May 

(inclusive). 


(1) 
1892 


(2) 
1893 


11.761  9 
17.96  11 
13.78  12 
14.95  14 
18.89  13 
18. 17 1 15 
16.03  13 
27.26  24 
14.50  20 
16.57il9 
16.a3]4 
12.:i9,15 
17.65  17 
19.8419 
17.7710 
22.62  20 
6.65!  8, 
8.841  8, 
12.21118. 


(3) 
1894 


6414 

08  19 

80  15 
85  19 
37  10 
69  15 
93  14 
45  21 
54  16 
02  19 

81  24 
6117 
8K  30, 

09  15 
17  14, 
65  32 
25|  8, 
48!  8, 
64S19. 


(4) 
1895 


Total  Yearly  Rain-] 
FALL.      December 
TO  November  (in- 
clusive). 


(5) 
1892 


48  9 
11  9 
63  8 
H4  10 
65  16 
8011 
63  16 
•2H  11 
9S  '.) 
47|14 
55  8 
201  8 
9011. 


14  21 
44  82 

72  39, 
06.35 
54'37 
34  34 
58'36 
08  45, 
92.30 
89 1 30, 
35' 28. 
66|29. 
69  37. 
39  37 
33  37. 
1747. 
18|l9. 
76131. 
93:31. 


(6) 
1893 


1894 


54  31 

58:31 
27 1 23 
13  38 

94  24 
S'.l  2'.l 


1895 


'M> 


88131 
25'3(i 

14i37.N;t:« 
38:X.(i.".  21; 


31 
31 
36 
33 

00;  31 
H7i36 
31  33 
50  32 
15,36. 


4<l  34 
38  39 

86 1 34 
36  35 
110  38 
111)  32 
,'52:40 
41  18 
37|22 
35  31 


27.33 
23.46 
22.69 
20.72 

.ho:  11.99 
.54  33.13 
,94  37.38 
..".l  34.04 
.till  19.02 
«t 31.94 
31  32.28 
43  35.33' 
95  29.071 
60:24.79 
94:22.58 


29.25! 
17.22| 
22.67| 
35.931 


,  00 

=!  w 

a.  c 

£  S 

g  3C-. 

<M    >■ 

a  o-c 

(DOB 

a-?i 

33c« 

t^T' 

teS^ 

S  '' 

«B 

(9) 

(10) 

26.36 

-f  0.77 

37,23 

—  3.77 

28,. 56 

—  5.87 

31  21 

—10.49 

36.46 

—14.47 

29.86 

—  6.74 

39.61 

—  2.33 

W.15 

—11.11 

28,50 

—  9.49 

30.47 

—  8.53 

:«.83 

—  0.55 

30.16 

—  4.93 

;+1.63 

—  5. .56 

30.76 

—  5.97 

36.10 

—  3.52 

HH.m 

—  9.36 

19.53 

—  2.31 

22.15 

—  0.53 

31.21 

—  5.38 

o«' 
a  o-c 
oj  o  c 
3;  c  * 

s  ^ 


(II) 


—  4.44 

—  8.29 

—  1.16 
—17.91 
—12.81 

—  6.42 

—  0.66 

—  9.47 

—  7.58 
— 13.a5 

—  6.93 

—  9.30 

—  6.88 

—  3.81 

—  0.36 
—11 .54 

—  0.97 
-f  OM 

—  5.48 
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The  data  given  in  Table  No.  5,  without  being  exhaustive,  show  that  Mr.  Rafter^ 
the  year  1895  was,  generally  speaking,  a  year  of  low  rainfall  through- 
out the  Great  Lakes  Basin,  and,  in  view  of  the  general  accord  between 
the  rainfall  record  and  the  elevation  of  the  lakes,  the  writer  cannot 
but  think  that  the  relation  between  the  rainfall  and  run-off  of  the 
Great  Lakes  System  was,  in  this  case  at  any  rate,  considerably  closer 
than  the  authors  are  disposed  to  admit. 

By  Avay  of  further  showing  the  substantial  accord  of  the  water 
register  record  of  surface  elevation  of  the  Great  Lakes,  the  rainfall  and 
the  run-off,  the  writer  ^vill  now  cite  some  run-off i*ecords  for  the  years 
1892-95,  inclusive,  of  streams  either  tributary  to  the  Great  Lakes,  or 
immediately  adjacent  thereto,  the  first  record  cited  being  that  of  the 
Upper  Mississipi^i  reservoirs  which  control  a  drainage  area  of  3  265 
sq.  miles  in  Minnesota,  immediately  to  the  west  of  the  Lake  Superior 
drainage  basin.  The  rainfall  of  the  area  tributary  to  the  Upper  Mis- 
sissippi reservoirs,  as  indicated  by  records  kept  at  Leach  Lake, 
Winnibigoshish  Lake  and  Pokegama  Falls,  from  1885  until  the  present 
time,  is  found  to  be,  as  an  average,  from  24  to  26  ins.  per  year,  and 
very  similar  in  its  distribution  and  other  characteristics  to  the  rainfall 
of  the  area  tributary  to  Lake  Superior  and  the  northern  portion  of 
Lakes  Michigan  and  Huron;  hence  the  run-off  of  the  Upper  Mississippi 
may  be  taken  as  typical  of  the  streams  tributary  to  Lake  Superior  and 
the  northern  part  of  Lakes  Michigan  and  Huron.  The  following- 
tabulation  shows  the  rainfall  and  run-off  from  these  reservoirs  for  the 
period  under  discussion: 


Year. 

Mean  rainfall  on  water- 
shed, in  inches. 

Proportion  of  run-off 

to  rainfall.    Per 

cent. 

Run-off,  in  ins., 
on  the  water- 
shed. 

1892 

21.33 
25.42 
26.63 
25.11 

20.8 
14.2 
13.6 
11.1 

4.43 

1893 

3.61 

1894 

1895 

3.62 
2.79 

Totals 

98.49 
24.63 

14 '.7 

14.45 
8.61 

From  this  tabulation  is  derived  the  interesting  fact  that,  during  the 
four-year  period  under  discussion,  the  mean  run-off  of  the  Ujjper  Mis- 
sissippi water-shed  was  only  3.61  ins.  on  the  total  water-shed,  although 
this  figure  is  subject  to  correction,  because  the  state  of  the  reservoirs 
at  the  beginning  and  ending  of  the  four-year  period  is  not  given  in  the 
report  of  the  United  States  Engineers,  from  which  these  data  are 
taken.  This  correction,  however,  cannot  be  very  large,  because  the 
reservoirs  are  so  operated,  generally  speaking,  as  to  empty  them  each 
vear.     In  1895  the  run-off  was  onlv  2.79  ins.     The  water  area  of  the 
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Jiir.  Rafter,  reservoirs  themselves  is  585  sq.  miles,  or  nearly  18%  of  the  whole. 
Lakes  Sujjerior,  Michigan,  Huron,  St.  Clair  and  Erie,  have  a  total 
water  surface  of  87  895  sq.  miles,  with  a  total  catchment  area,  includ- 
ing the  surfaces  of  the  lakes  themselves,  of  265  095  sq.  miles.  The  water 
surface  of  these  several  lakes  is,  therefore,  about  'd'd%  of  the  entire 
area  of  the  basin,  or  nearly  double  the  relative  area  of  Avater  surface 
and  catchment  area  of  the  Upper  Mississippi  reservoirs.  With  other 
conditions  the  same,  this  fact  might  possibly  lead  to  a  somewhat 
greater  proportion  of  run-oflf  from  the  Great  Lakes. 

Another  stream  in  the  vicinity  of  the  Great  Lakes  drainage  area, 
the  Des  Plaines  River  in  Illinois,  may  be  referred  to.  In  1893,  the  mean 
rainfall  on  the  basin  of  this  river,  which  has  a  drainage  area  of  633  sq. 
miles  above  the  point  of  gauging,  as  determined  from  the  mean  of  a 
large  number  of  stations  in  Illinois  and  AVisconsin,  was  26.96  ins., 
while  the  run-off  for  the  water  year  was  10.14  ins. ;  in  1894  the  rainfall 
for  the  water  year  was  27.94  ins.,  and  the  run-oti",  7.70  ins.  For  the 
water  year  1895,  the  rainfall  was  27.28  ins.  The  run-oflf  record  for  that 
year  is,  unfortunately,  incomplete,  there  being  no  record  for  the 
months  of  December  and  January,  but  from  what  is  given  and  from 
the  sequence  of  the  rainfall,  it  is  clear  that  the  total  record  for  the  year 
1895  did  not  exceed  2. 0  ins.  In  1896,  the  rainfall  increased  to  39. 58  ins. ; 
nevertheless,  the  run-off  for  that  year  was  only  6.69  ins. 

Another  stream  for  which  run-off  records  have  been  kept,  the 
Muskingum  River  in  Ohio,  may  be  referred  to.  This  stream  has  a 
water-shed  above  the  point  of  gauging  of  5  828  sq.  miles.  The  head- 
waters are  not  far  from  Lake  Erie,  and  are  on  the  dividing  line  between 
the  hill  country  of  the  east  and  the  prairie  country  of  the  Mississippi 
Valley.  It  is  considered  that  this  stream,  therefore,  presents  condi- 
tions applicable  to  the  run-off  of  Ohio  streams  tributary  to  Lake  Erie. 
The  rainfall  record  is  the  mean  of  those  kept  at  Akron,  Canton,  New- 
comerstown  and  Worcester,  and  is  believed  to  represent  fairly  well  the 
mean  precipitation  of  the  Muskingum  drainage  area.  This  record  was 
carefully  worked  up  by  Captain  Chittenden  himself,  and  presented  in 
his  admirable  report  on  the  water  sujjply  of  the  proposed  Erie-Ohio 
ship  canal. 

In  1892,  the  total  rainfall  for  the  water  year  was  41.74  ins.,  and  the 
run-off  13.38  ins.  In  1893,  the  rainfall  was  42.36  ins.,  and  the  run-off  of 
the  water  year  16.20  ins.  In  1894,  the  rainfall  was  30.50  ins.,  and  the 
run-off  8.70  ins.,  while  in  1895  the  rainfall  was  29.84  ins.,  and  the  run-off 
of  the  water  year  only  4.90  ins. 

The  Oatka  Creek,  a  tributary  of  the  Genesee  River,  was  gauged  from 
1890  to  1892,  inclusive,  the  drainage  area  above  the  point  of  gauging 
being  28  sq.  miles.  In  1892,  Avith  a  rainfall  of  41.69  ins.,  the  run-off 
was  15.42  ins.  The  Genesee  River  was  also  gauged  for  a  portion  of 
1893,  and  for  the  years  1894,    1895  and  1896,  the  drainage  area  above 
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the  point  of  gauging,  at  Mount  Morris,  New  York,  being  1  070  sq.  Mr.  Rafter, 
miles.  The  rainfall  is  the  mean  of  several  stations.  For  the  water 
year  of  1894,  the  total  rainfall  was  47. 79  ins. ,  and  the  run-off  19.38  ins. ; 
for  1895,  the  rainfall  was  31  ins.  and  the  run-off  6. 67  ins.  In  1896,  the 
rainfall  was  40. 68  ins. ,  and  the  run-off'  12. 80  ins.  Hemlock  Lake,  another 
tributary  of  the  Genesee  River,  with  a  drainage  area  of  about  42  sq. 
miles,  gave,  with  a  rainfall  in  1880  of  21.99  ins.,  a  run-off  of  3.4  ins. 

So  far  as  known  to  the  writer,  the  foregoing  streams — either  tributary 
or  adjacent  to  the  Gi-eat  Lakes  area — represent,  with  the  exception  of 
Skaneateles  Lake,  everything  of  which  gaugings  have  been  made.  The 
data  cited  are  sufficient  to  show  that  for  the  years  1892-95,  inclusive, 
the  run-off  of  the  streams  tributary  to  the  Great  Lakes  was  in  accord 
with  the  water  register  and  rainfall  record.  These  records  also  show 
that  the  run-off"  of  the  land  areas  tributary  to  the  Great  Lakes  is,  in 
years  of  low  rainfall,  very  small.  Assuming  that  in  such  years  the 
evaporation  is  equal  to  the  rainfall,  although  probably  it  sometimes  ex- 
ceeds the  latter,  it  is  discovered  at  once  why  the  land  contribution  to 
the  Great  Lakes  has  in  such  years  so  little  effect.  It  accordingly  fol- 
lows that  in  years  of  low  run-off"  from  the  land  areas,  the  stage  of  the 
Great  Lakes  is  almost  entirely  controlled  by  the  inflow  from  above. 
This  statement,  however,  does  not  apply  to  Lake  Superior,  which  has 
no  tributary  reservoir. 

In  considering  the  water  surface  evaporation  data,  the  writer  must 
admit  that  the  material  at  hand  is  extremely  unsatisfactory.  It  is  be- 
lieved, however,  that  with  the  present  state  of  knowledge  concerning 
the  laws  of  evaporation,  a  few  years'  observation  at  a  number  of  points 
about  the  Great  Lakes  would  furnish  sufficient  data  to  solve  this  jsart 
of  the  problem  rationally. 

Summarizing  the  whole  matter,  the  writer's  position  is,  that  Avhile 
the  authors  have  handled  admirably  the  general  question  of  the  Great 
Lakes  storage  reservoirs  as  moderators  of  the  run-oft',  that  they  are 
still  somewhat  lame  in  assuming  that  their  discussion  of  the  problem 
is  in  reality  complete.  The  more  rational  view  is  that  it  is  desirable 
to  correlate  all  the  phenomena,  in  order  to  reach  a  complete  solution. 

James  A.  Seddon,  M.  Am.  Soc.  C.  E. — It  is  not  altogether  clear  just  Mr.  Seddon. 
what  Mr.  Wisner  takes  exception  to  in  the  mathematical  analysis,  for 
he  can  hardly  have  so  misunderstood  its  scope  as  to  suppose  that  it 
was  I'estricted  simply  to  the  annual  cycle.  The  general  method  of  rep- 
resenting supply  is  that  of  superimposed  sine  curves;  the  equations 
of  two  cycles  in  particular  were  worked  out,  viz.,  that  for  the  m  years, 
and  the  yearly  cycle,  and  with  these  it  was  also  noted  that  for  any 
additional  eccentricity  of  the  seasons,  similar  terms  would  follow. 
There  is  no  form  of  reciprocal  variation  that  cannot  be  so  expressed 
except  at  an  arbitrary  discontinuity,  and,  to  cover  the  whole  matter, 
the  equation  for  this  discontinuity  was  also  given.     In  the  ajiplica- 
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Mr.  Seddon.  tion  of  this,  then,  it  would  certainly  have  been  interesting  if  Mr. 
Wisner  had  only  undertaken  to  give  some  of  those  existing  conditions 
that  it  proved  to  be  impossible. 

That  in  the  application  of  this  analysis  to  a  chain  of  lakes  only  a 
single  cycle  was  carried  through  in  no  way  prevented  any  one  from 
taking  all  others;  it  simply  marked  the  way  for  any  and  all  of  them; 
Avhile  finally,  in  the  actual  example  treating  the  mean  oscillations  of 
the  Great  Lakes,  it  was,  of  course,  simply  an  interesting  fact  that  the 
single  annual  cycle  was  about  all  that  was  left  in  these  twenty-five 
year  means.  Mr.  Wisner  did  not  object  to  this  because  it  did  not  fit 
the  data  Avell  enough,  but  because  it  fitted  the  data  too  well. 

In  regard  to  the  discharge  element,  it  was  not  intended  in  the  first 
place,  nor  is  it  here  proposed,  to  enter  into  a  general  discussion  of  it. 
Those  who  have  given  any  study  to  the  great  masses  of  such  data  col- 
lected will  appreciate  the  fact  that  the  assumptions  made  are  suffi- 
ciently accurate  for  the  problem;  and  beyond  that  there  is  no  end  to 
controversies  and  criticisms  in  it.  However,  Mr.  Wisner's  point  in 
regard  to  the  variation  of  v  at  the  Huron  outlet  would  be  well  taken  if 
his  assumptions  were  correct;  though  even  in  that  case,  if  values  were 
assigned  to  this  variation  and  its  effects  calculated  through,  they  would 
be  found  to  be  hardly  worth  noting. 

This  assumption,  however,  to  say  the  least,  is  a  peculiarly  bold  one. 
It  takes  only  a  glance  at  the  total  oscillations  (Fig.  4)  to  show  that  the 
St.  Clair  level  follows  the  Erie  level  very  closely,  but  to  say  that  the 
Erie  level  is  the  cause  of  this  is  quite  another  thing,  since,  for  that 
matter,  it  follows  the  Ontario  level  even  closer.  Indeed,  the  St.  Clair 
levels  in  this  case,  are  wholly  calculated  from  the  probable  supply  of 
its  own  basin,  and  the  effects  down  from  Huron  on  it,  and  they  have 
not  the  faintest  trace  of  an  effect  up  from  the  Erie  levels  in  them. 
True,  the  data  of  St.  Clair  are  notably  deficient,  and,  while  there  has 
been  nothing  as  yet  published  to  warrant  this  step  in  Mr.  Wisner's 
assumption,  still  it  may.  perhaps,  be  possible  that  on  occasions  some 
trace  of  an  effect  up  from  Erie  may  be  detected  in  the  St.  Clair  levels. 
To  carry  this  up  again  through  the  St.  Clair  River,  however,  and  to 
assume  that  it  has  a  sufficient  magnitude  at  the  end  to  materially  affect 
the  discharge  from  Huron  through  the  gorge  at  its  head,  is  certainly  to 
follow  up  a  supposition  rather  further  than  seems  wise.  Indeed  if  Mr, 
Wisner  will  not  take  a  caution  here,  he  will  find  that  Nature  has  an 
especially  blunt  way  of  her  own  in  telling  those  who  build  on  such 
assumptions  that  they  are  mistaken. 

In  regard  to  Mr.  Eafter's  suggestion  of  arithmetical  methods,  it  is 
certainly  simjjle  enough  in  this  way  to  closely  approximate  the  effect 
of  a  variable  supply  on  any  lake,  beginning  with  an  assumed  level. 
The  only  difficulty  is  in  assuming  the  right  level.  It  is  true  that  with  a 
given  oscillation  of  supply.   Nature   might  originally  start  from  any 
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assumed  level,  but  it  would  come  in  years  to  a  balanced  oscillation  of  Mr.  Seddon. 
the  surface  that  had  but  one  given  value  for  the  surface  level  at  a  given 
time,  and  long  before  Mr.  Rafter  had  figured  through  this  process  he 
would  be  glad  enough  to  drop  arithmetic,  and  take  up  the  methods  of 
the  calculus  which  determine  the  whole  matter  at  once. 

Simply  stating,  however,  the  questions  in  such  an  analysis,  say,  of  the 
twenty-five  years  means  of  the  Great  Lakes,  involves  a  cumulative  series 
of  local  effects  transmitted  down  on  levels  that  are  everywhere  condi- 
tioned by  the  ultimate  balance  of  supply  and  discharge,  and  that  can 
not  be  assumed  arbitrarily.  Considering  the  number  of  independent 
elements  that  go  to  make  up  these  oscillations,  it  is  certainly  expecting 
a  good  deal  to  calculate  them  all,  with  the  variations  of  each  thi'ough 
the  whole  cycle  in  much  less  than  the  comjjutatious  given,  pages  420 
to  425,  where  it  is  all  worked  through  in  the  fullest  detail.  While,  of 
course,  it  is  in  general  a  safe  criticism  to  suggest  that  any  method  might 
be  simplified,  it  is  hardly  a  fair  one  unless  at  the  same  time  it  is  also 
shown  hoAv. 

Coii.  H.  M.  Chittenden. — In  closing  this  discussion,  the  author  of  Coi. Chittenden 
the  first  part  of  the  paper  will  consider  briefly  the  following  jjoints: 
Method  of  investigation;  conclusions  arrived  at;  character  of  works 
required. 

The  suggestions  offered  by  Mr.  Rafter  were  particularly  pleasing 
to  the  authoi-,  because  they  present  in  minute  detail  the  very  pro- 
gramme actually  followed  by  him  until  it  proved  impracticable.  The 
attempt  was  made,  with  great  labor  and  perseverance,  to  reach  a  satis- 
factory solution  of  the  reservoir  problem  of  the  Great  Lakes  by 
commencing  with  the  primary  elements  of  S,  viz.,  rainfall,  run-off  and 
evaporation.  The  records  of  rainfall  were  obtained  from  nearly  every 
point  in  the  St.  Lawrence  Basin  where  they  have  been  oflficially  kept 
during  all  or  a  poi'tion  of  the  twenty -five  years  from  1871  to  1895. 
Careful  studies  of  the  subject  of  run -off  were  made  from  the  very 
records  Mr.  Rafter  refers  to,  viz.,  the  ujiper  Mississii^iDi,  the  Des 
Plaines,  and  the  Muskingum  Rivers.  The  subject  of  evaporation  was 
considered  in  the  light  of  the  best  available  data.  Repeated  efforts 
were  made,  both  for  single  years  and  for  the  means  of  longer  periods, 
to  harmonize  these  data  with  their  effects  as  shown  in  the  rise  and  fall 
of  the  lakes  and  in  the  flow  of  the  outlets.  The  result  in  every  case 
was  failure.  It  was  not  possible  to  satisfy,  within  any  admissible  ap- 
l^roximation,  the  following  equation  which  we  know  must  be  a  true  one : 

R,,  +  R.,-E±S,  =  I),* 

*  While  pursuing  this  line  of  investigation  the  author  used  depth  in  feet  upon 
land  area  and  water  surface,  as  Mr.  Rafter  suggests.  In  Ihe  more  general  discussion, 
however,  this  was  not  found  practicable.  If  was  often  necessary  to  use  the  same  quan- 
tity with  reference  to  different  lakes  and  water-sheds,  as  where  Q  is  taken  with  reference 
to  the  lakes  above  and  below  the  outlet  to  which  it  refers.  Moreover,  the  cubic  foot 
being  the  unit  almost  universa'ly  used  in  American  river  engineering,  it  was  thought 
best,  for  the  purposes  of  comparison,  to  use  it  here.  In  the  mathematical  analysis  the 
character  of  the  unit  was  immaterial,  as  the  symbols  dealt  with  were  general  in  char- 
acter. 
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Col. Chittenden  iu   wliicll 

R^  represents  precipitation  upon  the  surface  of  the  lake; 

Rq  repi'esents  run-oflf  from  the  land  area,  and  includes,  not  only  the 
discharge  of  the  streams,  but  all  subterranean  flow  into  the 
the  lakes  of  whatever  character; 

E  represents  evaporation  from  the  surface  of  the  lake; 

S^  represents  storage,  and  is  to  be  considered  as  negative  with  a 
rising  lake  and  positive  with  a  falling  lake,  and 

D  represents  the  discharge  of  the  outlet. 

The  author  became  thoroughly  convinced  that  data  in  regard  to 
jB,(,  i?y,  and  E  in  the  basin  of  the  Great  Lakes  are,  and  must  ever  re- 
main, too  uncertain  for  use  in  precise  work.  The  vastuess  of  the 
areas  considered;  the  marked  variations  in  rainfall  at  different  points 
not  so  very  far  apart;  the  jiossibility  that  large  quantities  of  water 
find  their  way  to  the  lakes,  as  Professor  Johnson  suggests,  by  channels 
which  can  never  be  reached  and  measured ;  the  certainty  that  there  is 
an  immense  but  indefinite  body  of  water  in  the  land  alx)ut  the  lakes 
which  flows  out  as  the  levels  fall  and  in  as  they  rise;  and,  finally,  the 
great  uncertainty  in  regard  to  evaporation; — all  these  drawbacks  may 
well  discourage  him  who  tries  to  investigate  the  reservoir  problem  of 
the  lakes  by  approaching  it  from  this  direction. 

Having  failed  to  reach  any  satisfactory  result  on  these  lines,  the 
plan  was  adopted  of  studying  *S',  not  from  its  component  parts,  but 
from  its  effects,  as  shown  in  the  rise  and  fall  of  the  lake  surfaces  and 
in  the  How  of  the  outlets.  Here,  it  was  felt,  was  the  nearest  approach 
to  precise  data  that  past  or  future  records  could  be  expected  to  yield. 
The  authors  believe  that  this  is  the  truly  rational  method  of  treating 
the  problem,  and  that  results  of  positive  value  are  to  be  expected 
from  it. 

This  is  far  from  attempting  to  discredit  efforts  to  obtain  a  better 
knowledge  of  R,,  R^  and  E.  It  will  always  be  a  matter  of  scientific 
interest  to  reach  a  nearer  solution  of  the  above  equation  than  is  now 
Ijossible,  and  assistance  of  great  value  could  probably  be  derived  from 
such  data  in  any  actual  regulation  of  the  lake  levels. 

It  IS  hardly  worth  while  to  note  in  this  connection  Mr.  "Wisner's 
observation  that  the  aiithors  used  integral  calculus  in  their  work  and 
therefore  had  to  assume  a  regularity  of  variation  which  is  never  exem- 
plified in  the  actual  records  of  lake  levels.  If  Mr.  Wisner  had  exam- 
ined this  study  more  closely,  he  would  not  only  have  avoided  a 
misquotation  of  the  authors,  but  would  have  seen  that  their  method 
may  be  ajjplied  to  the  most  irregular  phenomena  which  the  fluctua- 
tion of  lake  levels  presents.  Nowhere  do  the  authors  say,  or  even 
imply,  that  "the  supply  to  any  given  lake  from  inflow,  drainage, 
Ijrecipitation  and  evaporation  will  vary  as  the  sine  of  an  arc,"  etc. 
On  the  contrary,  Mr.   Seddon  (page  402)  says  that   "the  actual  sup- 
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ply  iu  any  given  year  can  never  be  exactly  represented  by  any  Col.Chittenden 
regular  variation."  But  by  varying  the  length  of  the  cycle,  the  most 
divergent  cases  may  be  studied,  from  the  sudden  rise  in  level  due  to 
a  heavy  and  general  rain,  to  those  long  periods  of  change  covering- 
several  years,  which  the  author  has  referred  to  as  the  cyclic  fliictua- 
tion.  The  limitations  of  sj)ace  made  it  impossible  to  put  in  a  single 
paper  a  detailed  explanation  of  the  various  aj^plications  of  the  general 
formula;  but  the  method  itself  was  indicated  with  sufficient  clearness 
to  be  easily  followed. 

Mr.   Wisner    challenges    the    correctness   of    the    statement    that 

Q  (maximum)  .    .    ,  ,  ^     ,        -,   • 

f^— -. IS  independent  ot  S,  and  m  so  doing  again  misquotes 

S  (maximum)  ^  o     »  i 

the  author.  What  is  actually  said  (page  363)  is  that,  "  for  a  given  cycle, 

i?  is  a  function  of   area  and  outlet  alone,  and  independent  of  S;  F  also 

is  a  function  of  area  and  outlet  alone,"  etc.     This  proposition  is  rigidly 

true.     For  a  given  regular  cycle  of  change  in  8,  whether  of  five  days 

or  five  years,  and  with  fixed  conditions  as  to  area  and  outlet,  P  and  R 

will  remain  constant  whether  S  be  small  or  great. 

Mr.  Wisner  takes  exception  to  the  author's  deduction  that  the 
forces  of  Natui-e  have  done  so  much  for  the  navigation  of  the  Great 
Lakes  as  to  make  it  exceedingly  doubtful  to  what  extent  their  action 
may  be  modified  with  impunity;  and  he  holds  that  a  general  apjjlica- 
tion  of  this  principle  would  deprive  the  river  and  harbor  engineer  of  his 
raison  cVetre.  This  dire  foreboding  is  effectually  dispelled  by  the  very 
example  which  Mr.  Wisner  (unfortunately  for  his  argument)  has  se- 
lected. The  forces  of  Nature  in  tidal  channels  have  generally  been 
obstructive  in  their  action ;  Avhereas,  in  the  case  cited  by  the  author 
they  have  been  exactly  the  reverse.  Did  these  forces  everywhere  do  for 
navigation  what  they  have  done  in  the  Great  Lakes,  the  work  of  the 
river  and  harbor  engineer  would  indeed  be  greatly  curtailed  in  scope. 

The  only  point  in  Mr.  Wisner's  discussion  which  may  possibly  assail 
effectually  any  of  the  author's  views  is  where  he  questions  the  assump- 
tion that  the  value  of  Q  is  "determined  at  any  time  solely  by  the 
value  of  //."'  He  holds  that  this  is  not  true  of  the  outlet  of  Michigan- 
Huron — that  at  the  lower  stages  of  this  lake  the  slope  in  the  outlet  is 
frequently  greater  than  at  the  higher  stages;  and  that,  owing  to  this 
increased  slope,  the  discharge  at  the  lower  stages  is  greater  than  at  the 
higher.  This  may  or  may  not  be  true.  The  author  could  not  find 
sufficient  evidence  of  its  truth  to  justify  him  iu  api^lying  a  different 
rule  to  the  discharge  of  this  outlet  from  that  of  any  other.  He  is, 
nevertheless,  entirely  open  to  conviction  and  will  welcome  a  tinal  deter- 
mination of  the  matter.  Those  charged  with  this  determination,  how- 
ever, should  bear  in  mind  that  the  engineering  profession  will  be 
satisfied  only  with  the  most  complete  and  convincing  data.  No  jjartial 
or  incomplete  series  of  measurements,  nor  any,  in  fact,  that  fail  to  em- 
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Col. Chittenden  l)race  simultaneous  records  of  discharge  and  stage  all  along  tlie  con- 
necting link  between  Huron  and  Erie,  and  for  every  phase  of  the  relative 
levels  of  these  lakes,  will  be  accepted  as  conclusive. 

In  regard  to  the  effect  upon  slope  of  deepening  and  narrowing  the 
channel  of  any  stream  while  the  area  of  cross-section  remains  the 
same,  Mr.  Wisner  conveys  the  idea  that  he  entertains  more  advanced 
views  than  other  engineers.  Whatever  may  be  the  "elaborate  reports  " 
to  which  he  refers,  the  author  recalls  at  least  one  such  report,  Avritten 
by  perhaps  the  ablest  living  authority  upon  the  Great  Lakes  among 
Government  engineers,  in  which  the  argument  is  enforced  with  great 
emphasis,  that  the  effect  of  such  a  change  must  inevitably  be  to 
flatten  the  slope,  and,  in  the  case  of  the  channels  between  the  lakes, 
to  draw  down  the  levels  of  the  lakes  above.  In  order  that  no  erro- 
neous inference  as  to  the  author's  position  upon  this  point  may  be 
drawn  from  Mr.  Wisner's  remarks,  the  following  quotation  is  given 
from  page  381,  where  the  author  discusses  the  means  of  preventing 
the  lowering  of  lake  levels  from  the  above  causes  : 

"  In  superficial  area  the  contraction  would  have  to  be  greater  than 
the  previous  enlargement,  for  the  whole  change  thus  made  in  the  cross- 
section  is  in  the  direction  of  deepening  and  narrowing  the  outlet;  and 
a  deep  and  narrow  channel  will  carry  more  water  than  a  wide  and 
shallow  one  of  the  same  area  of  cross-section." 

Passing  now  from  methods  to  results,  the  author  is  surprised  that 
Colonel  Roberts  should  have  found  anything  in  the  present  paper  to 
justify  him  in  saying  that,  while  generally  agreeing  with  its  proposi- 
tions, he  all  the  time  instinctively  feels  that: 

"  To  agree  with  all  of  them  will  leave  the  advocates  of  dams  with  not 
a  leg  to  stand  on,  and  to  almost  force  the  conclusion  that  nothing 
whatever  can  be  done  for  the  improvement  of  the  Great  Lakes." 

This  is  certainly  a  vei-y  different  view  from  that  entertained  by  the 
authors  themselves.  If  they  have  succeeded  in  correcting  some  falla- 
cious ideas  in  regard  to  the  practicability  of  eliminating  the  annual 
fluctuations  in  the  levels  of  the  lakes;  of  compensating  by  storage  in 
Superior  for  a  permanent  diversion  from  Michigan  at  Chicago,  and  of 
establishing  a  satisfactory  automatic  regulation  of  levels  in  Erie  by 
a  long  weir  at  Buffalo;  they  have  not  in  any  sense  represented  the 
problem  of  improving  the  navigation  of  the  lakes  by  means  of  regulat- 
ing Avorks  in  the  outlets  as  an  impracticable  one.  In  order  to  clear  up 
any  doubt  upon  this  point,  the  conclusions  indicated  by  their  investi- 
gations may  here  be  summarized  : 

(1)  It  is  neither  practicable  nor  desirable  to  restrict  the  range  of 
annual  oscillations  of  the  lake  levels.  It  is  the  storage  represented 
by  these  oscillations  that  furnishes  the  key  to  the  whole  system  of 
lake  navigation,  for  without  it  the  flow  in  the  outlets  could  not  be 
maintained  at  the  point  necessary  for  extensive  navigation. 

(2)  It  is  practicable  to  eliminate  the  cyclic  fluctuations,  and  to 
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keep  the  levels  of  the  lakes  from  ever  falling  below  a  fixed  minimum  Col.Chitteiuleu 
plane.  This  would  be  in  itself  a  vast  gain.  If  lake  carriers  may  know 
for  a  certainty  that  they  can  always  have  a  fixed  minimum  depth 
through  the  connecting  channels  and  in  the  harbors,  and  that  there 
will  not  again  come  those  periods  when  the  mean  levels  will  go  down 
and  down  for  a  series  of  years,  sTirely  they  will  be  relieved  of  one 
great  cause  of  complaint.  While  it  is  jirobable  that  any  practicable 
attainment  of  this  end  will  result  in  an  occasional  increase  of  the  an- 
nual fluctuations,  there  is  no  apparent  reason  why  this  should  be  ob- 
jectionable, unless  such  increase  should  reach  the  point  of  causing 
damages.  It  could  be  utilized  to  swell  the  flow  in  the  outlets  during 
the  navigation  season  and  to  hold  it  at  a  uniform  point  during  that 
time;  for  again,  let  it  be  remembei'ed,  increased  fluctuation  of  level  in 
the  lakes  is  a  less  serious  matter  than  increased  variation  of  discharge 
in  the  navigable  outlets,  particularly  in  that  between  Huron  and  Erie. 

(3)  It  is  entirely  practicable  to  raise  the  mean  levels  of  all  the  lakes, 
whereby  an  improvement  of  harbor  and  channel  depths  can  be  ac- 
complished throughout  the  system.  The  point  of  difliculty  in  this 
connection  will  undoxxbtedly  be  so  to  constriict  the  works  as  not  to  in- 
crease sloiJes  in  the  channels  to  such  a  point  as  seriously  to  interfere 
with  navigation  or  to  necessitate  the  use  of  locks. 

(4)  It  is  iitterly  impracticable  to  prevent  by  means  of  storage  in 
Superior  a  permanent  lowering  of  mean  level  in  the  system  below, 
which  must  result  from  a  permanent  diversion  of  supply  at  Chicago. 
The  onlvAvay  to  prevent  such  a  result  will  be  to  restrict  the  discharge 
in  all  the  outlets  below  the  points  of  diversion,  so  that  at  the  normal 
mean  level,  it  shall  be  equal  to  the  previous  normal  mean  flow  less  the 
diversion.  "Kegulating  Avorks  "  at  Buffalo  may,  as  one  writer  sug- 
gests, be  sufficient  to  i^revent  a  permanent  drop  in  the  mean  level  of 
Michigan-Huron,  due  to  diversion  at  Chicago.  The  author  does  not 
believe  it.  Neither  can  such  works  have  any  effect  upon  the  mean 
level  of  Ontario. 

This  leads  to  the  final  topic  embraced  in  this  discussion — the  char- 
acter of  the  works  required  for  the  regulation  of  levels  of  the  Great 
Lakes.  Since  the  completion  of  his  jaaper  last  April,  the  aiithor  has 
had  considerable  correspondence  and  discussion  upon  this  feature  of 
the  siibject.  Nothing  has  developed  to  shake  his  conviction  that  any 
adequate  regulation  of  lake  levels  should  be  by  means  of  works  under 
the  control  of  human  agencies,  as  originally  suggested  by  Colonel 
Roberts.  A  fixed  work  at  the  outlet  of  Erie  which  should  give  a 
variation  of  discharge  of,  say,  60  000  second -feet  for  a  variation  in  level 
of  say  6  ins.  cannot  but  be  disastrous,  or  at  least  very  injurious,  to 
navigation  in  Niagara,  owing  to  the  frequent  and  sudden  fluctuations 
of  level  at  the  foot  of  Erie  from  causes  in  no  way  connected  with  the 
problem  of  storage  in  the  lakes.     Far  from  the  author's  jilans  being 
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Col. Chittenden  "  subject  to  revision  by  the  east  wind,"  as  Mr.  Brinckerhoft"  suggests, 
it  is  the  plan  of  tbe  advocates  of  the  long  weir  and  of  automatic  regula- 
tion that  will  have  to  be  so  revised. 

If  the  author  were  rewriting  his  paper  he  would  modify  his  treat- 
ment upon  jjages  369  and  382  by  introducing  the  word  "  fixed  "  before 
"  works,"  and  liy  adding  a  third  class  of  works,  those,  namely,  which 
are  not  fixed  in  character,  but  subject  to  direct  control.  He  holds 
that  there  is  nothing  in  the  present  state  of  knowledge  of  the  physics 
of  the  Great  Lakes  to  warrant  the  sweeping  assertion  that  contracting 
works  in  the  outlets  may  not  be  so  constructed,  as  to  secure  all  the 
ends  above  proposed  without  injuring  the  navigable  condition  of  the 
channels. 

The  problem  of  improving  the  navigation  of  the  Great  Lakes  by 
means  of  regulating  works  at  or  in  the  outlets  is  not  by  any  means  the 
easy  and  simple  problem  which  some  of  the  earlier  expressions  of  the 
advocates  of  regulation  would  lead  us  to  suppose.  It  need  occasion 
neither  surprise  nor  disappointment  if  expected  results  from  such 
works  are  not  at  first  fully  realized.  The  development  of  such  a  system 
will  very  likely  be  tentative  in  character,  modified  by  experience  with 
works  partially  built,  and  brought  to  final  success,  not  by  any  single 
stroke  of  engineering  genius,  but  by  the  gradual  contributions  of 
manv  vears  and  manv  minds. 
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Wllliam  R.  Webster,  Esq. — Owing  to  absence  from  the  country  Mr.  Webster, 
the  writer's  attention  was  not  called  to  this  interesting  paper  until 
quite  recently.  The  author  uses  values  of  1  000  lbs.  increase  for  each 
.01%  of  carbon  and  phosphorus,  which  are  the  averages  of  Mr.  Camp- 
bell's values  for  the  same  elements  in  acid  and  basic  open-hearth  steel, 
as  is  here  shown. 

Mb.  Campbell's  Values. 

Carbon. 

Acid  steel 1  250 

Basic  steel 950 

Average  for  acid  and  basic.   1  100 

Using  for  round  numbers  1  000  lbs. 

In  like  manner  the  author's  base  of  40  000  lbs.  is  an  average  of  the 
bases  used  by  Mr.  Campbell  for  acid  and  basic  steel,  with  an  addition 

*  "  The  Relation  of  Tensile  Strength  to  Composition  in  Structural  Steel,"  by  A.  C. 
Cunningham,  M.  Am.  Soc.  C.  E.,  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  ~8. 


Phosphorus. 

Average  of  C.  &  P. 

890 

1  070 

1050 

1  000 

970 

1  035 
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Mr.  Webster. 


TABLE  No.  1.* — Acid  Open-Heakth  Stekl. 


Average  Analysis. 
Percentage  of. 

si 

Campbell. 

Webster. 

Cunningham. 
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< 

o 

Q 

o 

« 

a 

o 

Q 

1, 

54  700 

52  120 

-  2  580 

53  300 

-1  400 

—3  400 

53  000 

—  1  700 

6. 

.087 

.060 

.Xi 

.043 

55  470 

54  470 

—  1  000 

54  000 

-1  470 

—3  470 

54  700 

-      770 

11. 

.096 

.075 

.25 

.060 

57  200 

56  890 

—      310 

56  4.30 

—    770 

—2  770 

57  100 

—      100 

16. 

.117 

.056 

.39 

.028 

.56  950 

57  740 

+      790 

58  400 

+1  450 

—    550 

57  300 

+      350 

21. 

.125 

.047 

.41 

.031' 

56  960 

57  910 

■4-      950 

58  860 

+1  900 

—    100 

57  200 

+      240 

2fi. 

.lao 

.053 

,40 

.042 

59  170 

59  050 

—      120 

60  540 

H 

h    370    —1  630 

58  300 

-      870 

31, 

.143 

.099 

39 

,065 

62  830 

64  710 

--  1  880:69  940 

-7  110    --5  110 
-5  24o!  --3  240 

64  200 

+  1  870 

4-  1  460 

3fi, 

.155 

.069 

.41 

.034 

60  940 

63  500 

--  2  560  66  180 

_ 

62  400 

41 

.170 

.074 

43 

046 

64  840 

65  760 

--      920l68  670 

. 

-3  730    +1  730 

64  400 

—      440 

46, 

.207 

.088 

.41 

.047 

69  410 

71  480 

--  2  070 

73  500 

H 

-4  090  j  4-2  090 

69  500 

+        90 

51. 

.229 

.065 

,50 

.032 

70  810 

72  090 

--  1  280 

72  220 

- 

-1  410    —    590 

69  400 

—  1  410 

«>6 

.424 
.113 

.043 
.061 

.57 
43 

.031 
,038 

94  470 
57  140 

93  7'30 
57  700 

—      740 
+      .560 

86  700 
57  400 

—  7  770 

61. 

59  500 

+2  360 1  +    360 

-1-      260 

66 

116 

082 

50 

069 

60  870 

59  930 

—      9401 03  290 

+2  420 1  +    420 

59  800 

—  1  070 

71, 

.118 

075 

42 

045 

.59  110 

59  550 

+      440  62  070 

+2  960 

-j-    960 

59  300 

+      190 

76, 

.119 

065 

43 

028 

61  080 

58  780 

—  2  240  60  320 

—    700 

—2  700 

58  400 

—  2  620 

«1, 

,134 

045 

.48 

035 

58  820 

58  820 

0  60  810 

--1  990 

-      10 

57  900 

-      920 

«6. 

.151 

.051 

.64 

033 

62  650 

61  410 

—  1  240  65  380 

--2  7.30 1  +    730 

60  200 

—  2  4.50 

91 

,183 

027 

68 

.030 

65  100 

63  150 

—  1  950 1 64  590 

—    .560    —2  560 

61  000 

-  4  100 

96 

.212 

073 

82 

039 

71  870 

70  750 

—  1  120 

T5  610 

+3  740    +1  740 

68  500 

—  3  370 

101, 

.242 

,076 

86 

049 

78  020 

74  650 

—  3  370 

79  360 

4-1  .340,  —    660 

71  800 

-  6  220 

106 

.374 
.392 
.333 
.480 
.555 

.0.57 
.029 
.041 
.032 
.109 

.83 
.63 
.65 
.69 
1.13 

.035 
.022 
.026 
.022 
.042 

90  750 
98  180 
87  410 
111  740 
123  620 

88  930 
88  610 
82  540 
99  530 
115  460 

-  1  820 

-  9  .570 

-  4  870 
-12  210 
--  8  160 

1 

83  100 
82  100 
77  400 
91  200 
106  400 

—  7  650 

111 

—16  080 

116 

—10  010 

1^1 

—20  540 

1916 

-17  220 

*  The  figures  in  this  table  are  the  same  as  those  given  in  Table  No.  1  of  the  original 

gaper  (Transactioiis,  iVm.  Soe.  C.  E.,  Vol.  xxxviii,  p.  82),  except  that  those  under  the 
eading  Webster  are  coi-rected  by  the  writer. 

for  the  average  of  .40  manganese,  assumed  by  tile  author  to  be  in  this 
steel.     The  following  will  show  how  this  works  out : 

Me.  Campbell's  Values. 


Addition  for 
Manganese. 

Acid  steel 38  600  0 

Basic  steel  37  430  3  400 

Average     for     acid     and 

basic  38  015  1  700 

Using  for  round  numbers  40  000  lbs. 


Base  Manganese. 

38  600 
40  830 

39  715 


The  application  of  these  values  for  carbon  and  phosphorus,  by  the 
author,  to  the  cases  given  secures  very  good  results  in  most  instances. 
The  results  given  as  being  obtained  from  the  use  of  the  writer's 
tables  on  this  series  of  tests,  are,  however,  surprising,  and  contain  many 
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TABLE  No.  2.*— Basic  Open-Hearth  Steel. 


31 1-.  Webster. 
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*  The  figures  in  this  table  are  the  same  as  those  given  in  Table  No.  1  of  the  original 
paper  {Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  83),  except  that  those  under  the 
heading  Webster  are  corrected  by  the  writer. 

errors.  Tables  Nos.  1  and  2  herewitli  give  the  results,  properly  estimated 
by  the  writer's  tables,  and  corresponding  differences  between  estimated 
and  actual  ultimate  strength.  It  will  be  seen  in  Table  No.  1,  as  cor- 
rected, that  the  writer's  results  are  a  little  too  high,  and  that,  by  de- 
ducting the  constant  of  2  000  lbs. ,  these  results  are  very  much  im- 
proved. This  constant,  as  may  be  seen  by  referring  to  the  writer's 
papers,  is  one  that  has  often  been  suggested  for  use  in  particular  mill 
treatment  or  kind  of  material  rolled.  In  this  case  the  bars  were  2  ins. 
X  f  in.,  rolled  for  small  ingot. 

The  vpriter's  method  of  investigation  was  one  of  successive  approxi- 
mations, and,  as  the  results  of  each  individual  test  were  on  separate 
cards,  it  was  an  easy  matter  to  eliminate  the  effect  of  one  element  by 
placing   all   the   tests   having   the   same   carbon   in   one   pile;   for   in- 
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Mr.  Webster,  stance,  .  20  carbon.  Thus  the  difference  in  the  tensile  strength  in  this 
particular  lot  of  tests  would  not  be  due  to  carbon,  at  least  so  far  as 
known  at  present,  althoiigh  its  effect  in  the  different  proportions  of 
other  elements  jjresent  might  be  greater  in  one  case  than  in  another. 
Assuming,  hoAvever,  that  the  difference  was  not  due  to  carbon,  the 
writer  tried  to  find  a  value  for  the  other  elements  that  would  fulfill  the 
condition  and  meet  the  differences.  After  this,  grouping  in  one  pile,  the 
cards  having  the  same  manganese,  the  direct  influence  of  manganese 
was  eliminated,  and  proceeding  in  same  manner  for  phosphorus,  and 
then  for  suljahur,  the  values  used  in  the  tables  were  arrived  at.  This, 
of  course,  took  a  gi'eat  deal  of  time  and  hard  work,  but  the  values 
secured  met  the  requirements  of  the  conditions  under  which  the  work 
was  done. 

The  author  states: 

' '  The  later  investigations  of  Mr.  Campbell  are  the  most  complete 
and  scientific  of  any  that  have  yet  been  undertaken  in  this  line.  With 
3  163  tests  made  upon  2  x  ^-in.  test  bars  of  a  known  and  uniform 
condition,  arranged  in  272  groups  of  similar  conditions  as  to  strength 
and  composition,  Mr.  Campbell  has,  by  the  method  of  least  squares, 
arrived  at  the  strengthening  effect  of  the  various  components  of  steel," 
notwithstanding  the  fact  that  Mr.  Campbell  in  his  jiaper  admits  that  in 
applying  the  method  of  least  squares  and  using  all  the  elements,  his 
results  were  not  intelligible,  and  that  first  one  element  and  then 
another  had  to  be  eliminated  from  his  equations,  until  he  could  obtain 
results  that  were  aj^plicable  to  the  problem  at  hand.  The  -wi-iter  does 
not,  of  course,  know  how  familiar  Mr.  Cunningham  and  Mr.  Campbell 
are  with  this  method  of  least  squares,  but  believes  that  the  question  is 
still  an  open  one  as  to  whether  or  not  it  is  the  best  method  to  use. 

Messrs.  Cunningham's  and  Campbell's  results  are  based  on  figures 
obtained  by  grouping  the  original  tests  in  accordance  with  their  chemi- 
cal comjjosition  and  taking  the  average  results.  The  writer  thinks  that 
they  will  find,  ui^on  further  investigation  of  the  subject,  that  it  is  much 
better  to  take  individual  cases,  and  not  an  average  chemical  composi- 
tion, as  this  tends  to  mask  the  influence  of  the  elements  when  existing 
in  different  proi^ortions.  In  the  application  of  any  of  these  values  to 
individual  cases,  tests  in  which  the  estimated  ultimate  strengths  do  not 
agree  at  all  with  the  tensile  tests  Avill  be  found  from  time  to  time,  and  from 
such  apparently  abnormal  cases  more  will  be  learned  of  the  influence 
of  each  element,  and  of  proper  treatment  in  heating  and  rolling,  than 
from  the  tests  which  agree  with  the  estimated  ultimate  strengths. 

In  order  to  compare  the  two  methods  in  their  aiDplication  to  indi- 
vidual tests,  the  writer  has  taken  the  408  tests  given  in  his  jirevious 
papers,  has  worked  out  the  estimated  ultimate  strength  in  each  case  by 
the  author's  figures,  and  tabulated  the  results  in  the  same  general 
form  as  used  in  the  writer's  previous  work.  The  estimated  ultimate 
strength  has  been  deducted  from  the  actual  ultimate  strength,  and  in 
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all  cases  in  the  following  tables  the  writer's  figures  are,  of  course,  the  Mr.  Webster. 

same  as  given  in  former  jjapers.     In  this  table  the  differences  between 

the  estimated  and  the   actual  ultimate   strengths   are    subdivided   as 

noted  in  the  first  column,  and  are  recorded  in  the  projier  division  in 

columns    marked    "Cunningham"    and    "Webster,"    corrections    for 

thickness  not  being   apjilied   in  either  case.       This  table   shows   the 

necessity  of  considering  other  elements  than  carbon  and  phosphorus 

in   estimating  the   strength   of  steel  from   its  chemical  composition. 

The  tests  recorded  in  the  division  marked   "plus  over  10  000  lbs."  are 

not  considered  in  the  summary,  as  they  are  included  in  the  division  of 

"  plus  over  5  000  lbs. ,"  and  are  only  given  to  show  how  mtich  out  of  the 

way   are   the  ultimate  strengths  calculated  by  the  author's  formula, 

when   ajDplied   to  individual   tests    of   steel   under   75  000  lbs.   tensile 

strength. 

Webstek's  408  Tests. 


Differences. 

Cunningham. 

Webster. 

1-    over    10  000  lbs. 

28 

175 

53 

44 

50 

34 

44 

5 

2 

1 

0 

0 

0 

0 

. 

5  000    '■  

18 

_ 

-  4  000  to  5  000    >■  

18 

_ 

-  3  000  "  4  000     ••   

26 

J 

1-  2  000  "  3  000     •■   

35 

_ 

[-]  000  "  2  000     ••   

53 

\ 

Vithin  i:  1  000  lbs 

106 

-  1  000  to  2  000  lbs 

54 

-  2  000  '■  3  000     ••  

41 

3  000  "  4  000     '•  

28 

-  4  000  "  5  000     '■  

18 

-over      5  000    "  

11 

-      "        10  000    ••  

0 

SuMMARV  OF  Above. 


Total  +  more  than  1  000  lbs 

356 

150 

"      —     "        ■'      1  000  "  . 

...1                       8 

152 

Difference 

Per  cent,  within  1  000  lbs 

...1                +348 
10.8 

—  2 
26.0 

2  000  "  

20.3 

52.2 

3  000  "  

...1                       33.1 

70.8 

"              "       4  000  "  

44  1 

84  1 

5  000  "  

.«57.1 

92.9 

As  Mr.  Waddell  *  has  compared  the  results  in  the  author's  Tables 
Nos.  1  and  2,  and  has  given  the  averages  of  the  differences  under  the 
headings,  "Cami^bell,"  "Webster,"  "Cunningham,"  the  writer,  in 
view  of  the  errors  that  were  made  by  the  author  in  working  out  the  es- 
timated ultimate  strengths  from  his  tables,  has  made  those  corrections 
in  Mr.  Waddell's  tables  and  gives  them  on  pages  454  and  455  in  detail, 
excejjt  the  averages  for  the  plus  and  minus  differences,  which  he  does 
not  understand. 
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Mr.  Webster. 
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FoK  Acid  Steel. 


Average  Differences. 

Campbell. 

"- 

Webster. 

Cunningham. 

Plus  differences 

1  272  lbs. 
3  073    " 

2  856  lbs.    1  820  lbs. 
980    "      1676    " 

566  lbs. 

Minus  differences 

5  549    " 

FoK  Basic  Steel. 


Character  of  differences. 

Average  Differences. 

Campbell. 

Webster. 

Cunningham. 

Plus  differences 

742  lbs. 
1  183    " 

1  583  lbs. 

1684    " 

1  000  lbs, 

Minus  differences 

1  320    " 

AVEKAGE   FOK   AciD   AND   BaSIC    StEELS. 

(M(!an  from  two  preceding  tables.) 


Character  of  differences. 

Average  Differences. 

Campbell. 

Webster. 

Cunningham. 

Plus  differences  .... 

1  007  lbs. 

2  128    " 

2  219  lbs.    1  706  lbs. 
1  332    "      1  680    " 

783  lbs. 

Minus  differences 

3  435    " 

Note.— The  figures  in  the  second  column,  under  the  heading  "Webster,"  are  the 
average  differences  after  deducting  the  constant  of  2  000  lbs.  in  acid  open  hearth  steel, 
as  previously  referred  to. 

Foe  Acid  Steel  (75  000  and  undek). 


Average  Differences. 


Charactei-  of  differences. 

Campbell. 

Webster. 

Cunningham. 

Plus  differences 

1  272  lbs. 
1  150    " 

2  904  lbs.    1  955  lbs. 
980    "       1  778     •• 

566  lbs. 

Minus  differences 

1  652    " 

Foe  Basic  Steel  (75  000  and  under). 


Character  of  differences. 

Average  Differences. 

Campbell. 

Webster. 

Cunningham. 

Plus  differences 

742  lbs. 
1001     " 

1  583  lbs. 
1223    •' 

659  lbs. 

Minus  differences 

1  312    " 
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Average  fok  Acid  and  Basic  Steejj  (75  000  and  under) 
(Mean  from  two  preceding  tables.) 


Mr.  Webster. 


Character  of  diflferences. 

Average  Differences. 

Campbell. 

Webster. 

Cunningham. 

1  007  lbs. 
1076    '■ 

2  343  lbs.     1  769  lbs. 
1  101    "       1  501   '• 

613  lbs. 

Minus  diflferences 

1  482    " 

Note. — The  figures  in  the  second  column,  under  the  heading  "  Webster,"  are  the 
average  differences  after  deducting  the  constant  of  2  000  lbs.  in  acid  open-hearth  steel 
as  pre\iously  referred  to. 

Mr.  Metcalf*  remarks  that  the  manufacturers  can  vary  the  strength 
of  steel  by  manipulation  from  50^  to  100%*  one  way  or  the  other. 
The  writer  does  not  consider  the  criticism  a  fair  one,  as  it  is  the 
manufacturers  of  structural  steel  who  depend  more  than  any  one  else 
on  the  relation  between  the  chemistry  and  the  i^hysical  jsroperties  of 
steel.  They  all  apply  the  steel  to  the  orders  by  its  chemical  compo- 
sition, and  if  the  tension  tests  of  the  finished  product  do  not  give  the 
results  that  they  expected  from  the  analyses  of  the  heat  of  steel,  they 
at  once  examine  into  the  conditions  of  heating  and  rolling;  and  it  is 
by  this  close  watch  of  both  the  chemical  composition  and  physical 
treatment  of  the  steel  that  they  have  made  such  great  advances  in  its 
manufacture  during  recent  years. 

Mr.  Metcalf  fails  to  state  that  in  producing  the  changes  referred  to 
the  manufacturer  would  also  greatly  change  the  elastic  limit,  the  per- 
centage of  stretch,  the  percentage  of  reduction  of  area,  and  the  bend- 
ing properties  of  the  steel  treated.  These  changes,  for  any  given 
treatment,  would  be  greater  or  less,  in  accordance  with  the  chemical 
composition  of  the  steel  so  treated,  and  would  emphasize  the  eflfects 
of  the  carbon,  phosphorus,  manganese,  etc.,  on  the  steel. 

Mr.  Metcalf  would  not  consider  it  unreasonable  to  state  that,  if  a 
piece  of  steel  with  a  known  chemical  composition,  and  a  known  treat- 
ment in  heating  and  rolling  produced,  say,  65  000  lbs.  tensile  strength, 
at  a  future  time  another  heat  of  steel  with  exactly  the  same  chemical 
composition  with  the  same  treatment  in  heating  and  rolling  will  pro- 
duce about  the  same  result.  If  there  were  enough  standard  tests  to 
cover  all  cases  of  structural  material,  and  they  could  be  recorded  prop- 
erly, it  would  be  merely  a  matter  of  turning  to  such  records,  in  order  to 
know  what  a  given  heat  of  steel  should  produce  in  the  finished  pro- 
duct, without  having  to  interpolate  for  the  cases  not  so  recorded. 
The  avoidance  of  the  necessity  for  this  interpolation  is  sought  by 
giving  values  to  each  of  the  elements.  The  problem  is  certainly  a 
very  difficult  one  and  is  still  somewhat  obscure.  Marked  progress, 
*  Transactions,  Am.  Soe.  C.  E..  Vol.  xxxviii,  p.  84. 
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Mr.  Webster.  hoAvever,  lias  been  made,  inasmucli  as  it  was  only  in  1892  that  no  less  an 

authority  than  Mr.  H.  M.  Howe,  in  summing  x\i)  this  whole  matter  said  : 

"  If  these  views  are  correct,  then,  no  matter  how  great  and  extended 

our  knowledge  of  ultimate  composition,  and  how  vast  the  statistics  on 

which  our  inferences  are  based,  if  we  attempt  to  predict  mechanical 

properties  from  them  accurately,  we  become  metallurgical  Wigginses." 

Mr.  Cunning-        A.  C.  CUNNINGHAM,  M.  Am.  Soc.  C.  E.— Mr.  Webster's  mathemati- 
ham. 

cal  demonstration,  attempting  to  show  that  the  base  and  factors  used  in 

the  original  jiaper  are  the  averages  of  those  deduced  by  Mr.  Campbell, 

jaroves  that  such  is  not  the  case. 

These  factors  were  arbitrarily  assumed  after  numerous  algebraic  so- 
lutions, on  the  assumption  that  carbon  and  phosphorus  were  the  only 
hardeners,  and  that  the  strength  of  a  theoretical  steel  free  from  carbon 
and  phosphorus  would  be  40000  lbs.  per  square  inch. 

Several  hundred  trials  of  these  factors  and  this  base,  on  various  kinds 
of  steel  made  by  a  dozen  different  manufacturers,  led  to  the  conclusion 
that  they  were  apijroximately  right.  Their  application  to  Mr.  Web- 
ster's steel  was  unsatisfactory,  and  in  view  of  the  good  results  obtained 
with  many  other  steels,  naturally  leads  to  the  conclusion  that  his 
analyses  may  be  questioned. 

In  using  Mr.  Webster's  tables  two  results  could  be  generally  ob- 
tained; the  one  giving  the  most  nearly  correct  result  was  taken,  but  no 
■    further  manipulation  was  attemj^ted. 

However,  even  if  Mr.  Webster's  tables  are  incorrect,  and  also  his 
assumptions  that  all  elements  have  a  strengthening  effect  on  steel,  his 
work  has  been  of  great  value  in  drawing  renewed  attention  to  this  sub- 
ject and  encouraging  other  investigations. 

In  the  present  case  a  rule  has  been  sought  that,  while  approxi- 
mately correct,  should  also  be  easily  applied.  Expressed  as  an  equa- 
tion, this  rule  is  as  foUoAvs: 

40  000  lbs.  +  1  000  lbs.  for  every  .01%  of  carbon  +  1  000  lbs.  for 
every  .01%  of  phosphorus  ^  ±  tensile  strength. 

This  rule  is  not  only  easily  carried  by  the  memory,  l)ut  also  can  })v 
applied  mentally  with  little  effort,  and,  as  Mr.  Webster  admits,  gives 
very  good  results  in  most  instances.  Its  trial  has  not  been  confined  to 
Mr.  Cami^bell's  tests,  but,  as  Mr.  Webster  advises,  it  has  been  used  ex- 
tensively on  individual  tests. 

The  rule  is  intended  to  establish  for  the  inspector  and  the  engineer 
a  relation  between  the  analyses  furnished  by  the  manufacturer  and  tlie 
lists  made;  when  it  does  not,  it  is  time  for  investigation. 

Except  in  special  cases,  the  analysis  furnished  by  manufacturers 
represents  the  average  chemical  composition  of  the  steel,  while  the 
actual  test  rejaresents  the  strength  of  a  concrete  j^ortion.  To  attemjjt 
to  establish  an  absolute  I'elation  between  these  quantities  is  like  pacing 
the  diameter  of  a  circle  and  then  computing  the  circumference  to  the 
thousandth  jaart  of  an  inch. 
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The  rule  given  must  stand  or  fall  upon  its  merits,  and  these  can  mj.  cunning- 
only  be  determined  by  sutficient  trial.     When  failures  occur  analysis  *^^'"- 
of  the  test  piece  will  show  whether  the  rules  or  the  test  is  at  fault. 

H.  H.  Campbell,  M.  Am.  Soc.  C.  E. — The  investigation  which  is  the  Mr.  Campbell, 
subject  of  the  paper,  will  be  found  in  a  book  by  the  writer,  entitled 
' •  Striictural  Steel."  On  page  284  is  the  following  sentence:  "The 
most  comprehensive  and  systematic  study  of  the  jihysical  formula  of 
steel  has  been  carried  out  by  W.  R.  Webster."  A  description  of  his 
method  is  given  and  then  it  is  shown  that  portions  of  his  table  con- 
tain "absolutely  irreconcilable  conditions,  for  Mr.  Webster  takes  as 
his  starting  point  the  dictum  that  carbon  is  a  constant,  and  j^roceeds  to 
construct  a  table  in  which  it  is  not  a  constant  at  all,  and  in  which  it  is 
not  even  constantly  irregular."  This  jaoint  is  discussed  at  length  and 
is  proven  by  quotations  from  Mr.  Webster's  results.  It  was  the  inten- 
tion of  the  writer  to  treat  a  co-investigator  with  courtesy,  while  exer- 
cising the  right  to  oi^enly  discuss  the  faults  in  his  theories.  The  book 
did  two  distinct  things.  It  declared  Mr.  Webster's  results  inconsistent 
with  his  jjremises,  and  it  offered  a  new  system  of  calculation  by  the 
method  of  least  squares.  Mr.  Cunningham  has  accepted  the  latter 
method,  and  has  undertaken  to  condense  the  results,  so  that  engineers 
may  have  a  shoi-t  and  simple  formula  by  which  to  calcixlate  the  strength 
of  steel  when  the  physical  composition  is  known. 

It  is  not  fair  to  hold  the  writer  liable  f6r  the  variations  in  the  author's 
results,  but  he  does  assume  all  responsibility  for  the  original  formula 
and  for  the  method  employed.  He  knows  of  no  way  by  which  the 
problem  under  consideration  may  be  solved  save  by  the  method  of  least 
squares.  There  may  be  a  better  way,  but,  as  far  as  the  writer  knows, 
the  only  other  method  offered  has  been  the  system  of  Mr.  Webster, 
which,  as  shown  above,  gives  results  that  contradict  the  original  as- 
sumptions, and  hence  miist  be  without  scientific  standing. 

The  method  of  least  squares  is  open  to  the  criticism  of  any  one, 
but  it  is  respectfully  submitted  that  the  remark  of  Mr.  Webster  is 
not  criticism.  He  states  that  he  does  not  know  "  how  familiar  Mr. 
Cunningham  and  Mr.  Campbell  are  with  the  method  of  least  .squares." 
This  has  nothing  to  do  with  the  case.  The  qiiestion  is  whether  the 
work  is  right  and  the  method  aiaplicable.  This  may  be  decided  by  a 
mathematical  or  philosophical  demonstration  by  any  one  who  knows 
more  than  the  author  or  the  writer. 

The  original  formulas,  as  jjrinted  in  the  book  mentioned,  have  been 
used  for  the  last  two  years  to  calciilate  the  tensile  strength  of  every 
heat  made  in  the  Open-Hearth  Deiiartment  of  the  Pennsylvania  Steel 
Company;  and  in  the  case  of  sti'uctural  steels  having  a  tensile  strength 
of  between  50  000  and  70  000  lbs.  per  square  inch,  the  mathematical  re- 
sults are  almost  always  within  2  000  lbs.  of  the  figures  obtained  on  the 
testing  machine.     So  reliable  have  the    formulas  proved  that  a  wide 
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Mr.  Campbell,  variation  (say  of  5  000  lbs.)  is  always  investigated,  with  the  result  that 
almost  always  errors  are  discovered  in  the  chemical  determinations,  or 
else  the  conditions  under  which  the  test  piece  has  been  rolled  are  found 
to  have  been  abnormal. 

The  chemical  errors  are  almost  always  in  the  carbon  content.  This 
is  one  of  the  vital  errors  in  Mr.  Webster's  system,  since  the  calculations 
on  individual  heats  necessitate  using  color  determinations,  and  these 
are  not  sufficiently  reliable  for  scientific  investigations. 

Under  the  system  used  by  the  writer  and  endorsed  by  the  author, 
each  element  is  determined  in  the  most  approved  way,  and  the  problem 
is  solved  by  a  mathematical  method  devised  for  just  such  conditions. 
Mr.  Metcalf.  WiLLiAM  Metcalf,  Past  President,  Am.  Soc.  C.  E  —The  writer 
agrees  fully  with  Mr.  Webster's  jDosition,  that,  given  a  certain  jihysical 
specification,  a  steel- maker  should  know  whether  it  could  be  filled  or 
not,  and  if  it  could  be  met,  he  should  know  just  about  what  comj)osi- 
tion  of  steel  to  use.  If  an  engineer  w^ere  to  accept  such  steel  made  to 
a  formula,  without  careful  physical  tests,  he  would  know  little  about 
the  properties  of  the  material  he  received.  This  is  all  the  writer 
claimed  in  discussing  the  jjaper,  and  the  author  reminded  him  that  it 
was  not  claimed  that  oom]Josition  and  formulas  would  take  the  place  of 
tests.  This  brought  the  author  and  writer  into  substantial  agreement, 
and  if  Mr.  Webster  would  consider  the  discussion  as  a  whole  he  would 
see  that  he  and  the  writer  agree  also. 

The  writer  highly  appreciates  the  great  value  of  the  work  of  Messrs, 
Webster  and  Campbell,  and  hopes  they  will  continue  it.  No  matter 
how  i^erfectly  they  may  work  out  their  qiiestions,  they  ^vill  never 
eliminate  the  human  element  unless  they  I'ework  and  jjurify  the  indi- 
viduals as  they  can  their  heats  of  steel. 
Mr.  Webster.  WiLLiAM  R.  Webstek,  Esq. — Mr.  Metcalf 's  full  explanation  of  his 
former  remark  now  puts  the  whole  matter  in  such  shape  that  it  is 
not  ojjen  to  any  misunderstanding.  The  writer  never  advocated  ac- 
cepting any  material  -without  making  jihysical  tests,  but  has  tried  to 
find  some  guide  for  those  asking  for  both  chemical  and  jihysical  tests, 
in  order  that  one  may  agree  with  the  other. 

The  point  raised  by  the  author,  ' '  that  the  analysis  furnished  by 
the  manufacturers  represents  the  average  chemical  comjiosition  of  the 
steel,"  is  fully  ajipreciated.  It  Avas  for  this  very  reason  that,  in  the 
writer's  investigation,  analyses  were  made  of  drillings  taken  from  the 
broken  test  pieces.  There  were  over  one  thousand  pieces  analyzed, 
and  in  many  cases  the  diillings  taken  from  the  same  test  pieces  were 
sent  to  the  chemist  under  two  numbers,  in  order  to  check  his  work. 

From  this  it  is  fail-  to  assume  that  the  differences  referred  to  by  the 
author,  when  the  ultimate  strength  of  the  writer's  408  tests  were  esti- 
mated by  his  values,  are  not  due  to  errors  in  chemical  analyses.  The 
whole  trouble  is  caused  no  doubt  by  the  manganese  being  in  different 
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proportions  for  the  same  carbons,  and  as  tlie  effect  of  manganese  is  not  Mr.  Webster, 
considered,  just  stich  differences  are  apt  to  result.     This  can  be  shown 
by  any  series  of  individual  tests;  the  writer  merely  used  his  tests  as 
they  were  at  hand. 

The  author's  comparison  of  calculating  the  circumference  of  a  circle 
to  the  thousandth  part  of  an  inch  from  its  j)aced  diameter  is  not  a 
parallel  case.  As  manganese  has  an  effect  on  the  ultimate  strength  of 
steel,  it  should  always  be  allowed  for  directly  instead  of  indirectly,  by 
giving  the  carbon  a  larger  value  which  holds  good  only  when  there  is  a 
fixed  relation  between  the  carbon  and  manganese  present.  The  steel 
works  now  use  different  methods  of  recarbiirization,  and  as  this  in- 
vestigation is  continued  it  will  be  found  necessary  to  allow  for  the 
effect  of  manganese  in  both  acid  and  basic  steel,  whether  made  in  the 
open-hearth  furnace  or  in  the  Bessemer  converter. 

In  stating  that  the  author's  values  for  carbon  and  phosjjhorus  were 
the  averages  of  Mr.  Campbell's  values  for  these  elements,  and  that  his 
base  was  the  average  of  the  bases  itsed  by  Mr.  Campbell  for  acid  and 
basic  steel,  the  writer  did  not  in  any  way  mean  to  detract  fiom  or  re- 
flect on  the  value  of  the  work,  and  he  is  glad  to  hear  that  the  values 
were  arrived  at  independently.  As  the  work  confirms  that  of  Mr. 
Campbell  it  certainly  adds  to  the  value  of  each,  the  difference  being 
only  35  lbs.  in  the  case  of  each  .01%  of  phosijhorus  and  carbon,  and 
285  lbs.  in  the  base  used. 

The  writer  cannot  understand  how  the  author  gets  two  results  in 
using  his  values.  This  is  impossible,  as  will  be  shown  later  in  these 
remarks.  Mr.  Campbell  is  to  be  congratulated  in  that  he  finds  such 
a  close  relation  between  the  estimated  ultimate  strengths  and  the 
actual  strength  of  the  2  x  f-in.  bars  rolled  from  the  small  test  ingots. 
No  doubt  the  tests  of  the  finished  material  give  correspondingly  good 
results,  although  he  has  not  said  so. 

"  We  discovered  many  years  ago  that  we  had  been  running  with  an 
en-or  of  .ll/o  ii^  ^^1  ^^^^'  low  carbon  determinations,  and  .13  in  all  the 
high  steels.  Thus  steel  of  .09  carbon  had  been  regularly  determined 
as  .  20,  and  .  50  carbon  as  .  63.  Ciistomers  ordered  steel,  found  it  right, 
or  found  it  too  hard  or  too  soft,  and  ordered  the  next  lot  accordingly. 
Years  had  rolled  by,  and  every  customer  knew  just  what  he  wanted, 
and  could  learnedly  discuss  the  special  uatui-e  of  .64  and  of  .76  carbon. 
The  discovery  of  the  error  in  the  standards  was  a  rude  shock,  and  the 
change  to  the  new  order  of  things  was  the  work  of  many  months,  and  a 
diplomatic  catering  to  prejudice,  mixed  with  a  very  strong  disinclina- 
tion to  an  open  acknowledgment  that  we  had  been  altogether  wrong." 

This  quotation  fi-om  Mr.  Campbell's  book  (page  7)  is  a  fail-  illustra- 
tion of  how  little  attention  was  paid  formerly,  by  manufacturers  or  any 
one  else,  to  the  relation  between  chemical  composition  and  the  ultimate 
strength  of  steel.  Whereas,  to-day  some  mills  are  rolling  the  steel 
into  the  finished  i:)roduct  altogether  from  the  estimated  ultimate 
strength  based  on  the  chemical  composition  of  each   heat.     The  only 
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Mr.  Webster,  tests  made  are  on  the  finished  material  after  the  whole  of  the  heat  has 
been  rolled.  The  steel  is  never  allowed  to  cool  from  the  time  it  is  cast 
until  it  leaves  the  rolls  as  finished  angles,  bars,  etc.  This  great  advance 
in  method  of  working,  means  a  yearly  saving  in  the  coal  bill  of  thou- 
sands of  dollars,  and  another  large  saving  in  the  cost  of  handling  the 
material. 

Mr.  Campbell's  views  as  to  the  value  of  the  method  of  least  squares 
have  materially  changed  since  he  wrote  his  "  Structiiral  Steel,"  as  he 
states  on  page  297: 

"It  is  with  no  little  disappointment  that  I  am  forced  to  confess 
that  further  investigation  throws  grave  doubts  on  the  validity  of  this 
method  of  least  squares  when  aiajalied  to  such  a  number  of  unknown 
quantities,  and  when  any  one  of  these  quantities  is  of  very  little 
importance." 

He  now  states: 

' '  Under  the  system  used  by  the  writer  and  endorsed  by  Mr.  Cun- 
ningham, each  element  is  determined  in  the  most  approved  way,  and 
the  problem  is  solved  by  a  mathematical  method  devised  for  just  such 
cases." 

Mr.  Campbell's  results  were  unintelligible  until  he  assumed  that 
copper,  silicon  and  suljjhur  had  no  effect  on  the  ultimate  strength  of 
steel.  Leaving  these  elements  out  he  then  obtained  several  results 
for  each  of  the  elements,  in  the  order  in  which  they  are  given  below, 
for  each  class  of  steel.  In  the  latter  jiart  of  his  investigation  he  con- 
sidered a  new  series  of  acid  and  basic  steels.  This  gave  hiin  for  the 
acid  steel  56  groups  in  the  new  series,  as  against  70  groups  in  the  first 
series.  For  the  basic  steel  he  had  74  groups  in  the  first  series  and  72 
groups  in  the  new  series. 

The  values  he  has  adopted  may  be  summarized  as  follows: 
Mr.  Campbell's  Values  for  Pure  Iron   and   Increase   Due  to    .01    Per 
Cent,    of    Carbon,   PhosphoriTs   and   Manganese,  in    Pounds    per 
Square  Inch. 

In  h  and  e  for  acid  steels,  and  in  g  and  j  for  basic  steels,  the  in- 
crease due  to  manganese  was  not  considered.  Mr.  Campbell  remarks, 
regarding  the  value  of  1  444  lbs.  for  phosphorus  in^', 

' '  This  value  of  phosi:)horus  was  not  sustained  by  any  other  evidence. " 

"  The  factor  i?  represents  an  allowance  for  the  conditions  under 
which  the  piece  is  rolled,  whether  finished  hot  or  cold.  In  the  present 
series  of  groups  it  is  zero." 

Acid  Steels. 

Pure 
C.  P.  Mn.  Iron. 

(o)  Old  series   .  1  529  -f  1  316  +  39  -f-  34  826  =  Ultimate  strength 

(/>)  Old   series .  .  1  485  +  1  260  +  83  000  =  Ultimate  strength 

(c)  New  series . .  1  126  -f      716  -f    8  -^  40  439  =  Ultimate  strength 

(d)  Old  series ..  1  868  +  1  068  —  28  -f  37  544  ==  Ultimate  strength 

(e)  Both  series , .  1  210  -f     890  -f  38  600  +  i?  =  Ultimate  strength 
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Basic  Steels.  Mr.  Webster. 

Pure 
C.  P.  Mn.  Iron. 

(/)  Old  series . .  1  035  +     941  4-    53  +  38  996  =  Ultimate  strength 

{g)   Old  series.  .1  085  +  1  '200  +  40  000  =  Ultimate  strength 

(//)  New  series .-.     935  -j-     939  4- 114  +  36  335  =  Ultimate  strength 

{i)    Old  series .  .  1  035  +     941  +    53  +  38  996  =  Ultimate  strength 

ij)  Both  series .     998+1  444  +  39  987  =  Ultimate  strength 

(Z-)  Both  series. .     950  +  1  050  +    85  +  37  430  +  i?  =  Ultimate  strength 

Mr.  Camj)bell  estimated  the  ultimate  strength  of  each  of  his  groups 
by  several  of  the  above  values,  and  the  difference  between  the  estimated 
ultimate  strengths  and  the  average  actual  ultimate  strengths  of  the 
groups  were  small  in  most  cases  for  each  class  of  steel,  but  the  best 
results  were  obtained  by  the  last  values  given  in  the  above  tables. 

The  value  of  any  one  of  the  elements,  carbon,  phosphorus  or  man- 
ganese, and  the  value  of  pure  iron,  seems  to  depend  on  the  number  of 
tests  considered.  If  the  effect  of  each  element  is  constant  and  not  de- 
pendent on  the  amoimt  of  other  elements  present,  this  should  not  be 
the  case.  There  seems  to  be  a  disturbing  element,  rimningall  through 
the  successive  values  arrived  at,  which  strongly  indicates  that  the 
values  of  carbon,  phosphorus  and  manganese  are  not  constant  under 
all  conditions  of  the  series  of  tests  in  either  the  acid  or  the  basic  steels 
considered. 

The  writer  does  not  consider  that  the  results  obtained  justify  Mr. 
Campbell  in  taking  the  strong  stand  that  manganese  does  not  affect 
the  ultimate  strength  of  acid  open-hearth  steel  until  it  is  raised  to  over 
.60  per  cent.  In  this  class  of  steel  he  uses  1  210  lbs.  for  each  .01%  of 
carbon,  instead  of  950  lbs.  as  in  the  basic  steel.  This  increase  of  260 
lbs.  for  each  .  01%  of  carbon  represents  an  increase  of  27^^  in  its  value, 
and  it  includes  the  effect  of  the  manganese  and  part  of  the  effect  of  the 
phosphorus.  This  is  indicated  by  the  lower  value  of  890  lbs.  instead 
of  1  050  lbs.  for  phosphorus,  being  a  reduction  of  160  lbs.  for  each 
.01/^,  or  a  reduction  of  lb%,  and  the  manganese  is  not  considered  at 
all,  being  a  reduction  of  85  lbs.  for  eacli .  0\%  of  that  element. 

The  accuracy  of  Mr.  Campbell's  work  in  using  the  method  of  least 
squares  in  arriving  at  these  values  is  not  disputed,  but  his  results  in- 
dicate strongly  that  the  amounts  of  the  elements  present  have  an  indi- 
rect effect  on  each  other,  and  that  this  is  shown  by  the  different  values 
arrived  at  for  each  element.  If  Mr.  Campbell's  position  is  correct,  in 
that  the  method  of  least  squares  would  not  give  intelligible  results, 
when  he  considered  the  effect  of  copper,  silicon  and  sulphur  with  the 
other  elements,  on  account  of  the  copper,  silicon  and  suljjhur  having 
very  little  effect  on  the  iiltimate  strength  of  the  steel,  it  certainly  casts 
a  reflection  on  the  apijlicability  of  this  method  to  the  problem  in  hand, 
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Mr.  Webster,  as  it  presupposes  a  knowledge  of  the  effects  of  three  of  the  unknown 
quantities  under  consideration. 

In  his  investigation  the  writer  found  that  the  indications  were  that 
the  effect  of  carbon  was  800  lbs.  per  .01/^  and  that  of  phosphorus  800 
lbs.  per  .01%,  when  in  the  presence  of  .06,  .07  and  .08%  carbon,  but, 
as  the  carbon  increased,  the  effect  of  phosphorus  increased  up  to  .  15% 
carbon,  where  .01%"  phosphorus  equaled  1  500  lbs.  per  square  inch. 
This  is  shown  in  Table  No.  3. 


TABLE  No.  3. — Webster's  ValiUes  foe  Phosphorus  in  the  Presence 
OF  .  05  to  .  15  Per  Cent.  Carbon,  iNCiiUSivE. 


Per 
Cent. 

Carbon 

.05,  .08, 

.or,  .08. 

Carbon 
.09 

Carbon 
.10 

Carbon 
.11 

Carbon 

.12 

Carbon 

.13 

Carbon 

.14 

Carbon 
.15  and 
over. 

P. 00... 
"  .005  . 

0 
400 

0 
450 

0 

500 

0 
550 

0 
600 

0 
650 

0 

700 

0 

750 

"  .01... 
"  .015.. 

800 
1200 

900 
1  350 

1000 
1500 

1  100 
1  650 

1200 
1800 

1  300 
1950 

1400 
2100 

1500 
2  250 

"  .03... 
"  .035.. 

1600 
2000 

1800 
2  850 

3000 
2500 

2  200 
2  750 

3  400 
3  000 

2  600 

3  250 

2800 
3500 

3000 
3  750 

"  .03... 
"  .035.. 

2400 
2800 

2  700 
3150 

3000 
3500 

3  300 
3850 

3600 
4  300 

3900 
4  550 

4200 
4900 

4  500 
5350 

"  .04... 
"  .045.. 

3300 
3  600 

3600 
4  050 

4000 
4500 

4  400 
4  950 

4800 
5  400 

5  200 
5  850 

5600 
6  300 

6000 
6  750 

"  .05... 
"  .055.. 

4000 
4  400 

4  500 
4950 

5000 
5  500 

5  500 
6050 

6000 
6600 

6500 
7150 

7000 
7  700 

7  500 

8  350 

"  .06... 
"  .065.. 

4  800 
5200 

5  400 
5  850 

6000 
6  500 

6600 
7  150 

7  200 
7  800 

7  800 

8  450 

8400 
9100 

9000 
9  750 

"  .07... 
"  .075. . 

5  600 
6000 

6  300 
6  750 

7000 
7500 

7  700 

8  250 

8400 
9000 

9100 
9  750 

9  800 
10  500 

10  500 
11350 

"  .08... 
"  .085.. 

6400 
6  800 

7  200 
7  650 

8  000 
8500 

8  800 

9  350 

9  600 
10  200 

10  400 
11050 

11300 
11900 

13  000 
13  750 

"  .09... 
"  .095.. 

7  200 
7  600 

8100 
8550 

9  000 
9  500 

9900 
10  450 

10  800 
11400 

11700 
12  350 

12  600 

13  300 

13  500 

14  350 

"  .10... 

8000 

9000 

10  000 

11000 

13  000 
120  lbs. 

13  000 

14  000 

15  000 

.001P  = 

80  lbs. 

90  lbs. 

100  lbs. 

110  lbs. 

130  lbs. 

140  lbs. 

150  lbs. 

In  regard  to  manganese  the  effect  did  not  seem  to  be  constant  per 
unit.* 

"The  effect  per  unit  of  manganese  seems  to  decrease  as  the  per- 
centage of  this  element  increases.  For  instance,  steels  of  0.20  and  0.30 
Mn.  show  greater  difference  in  ultimate  strength  than  steels  of  0.50 
to  0.60  Mn.,  all  other  elements  being  the  same.  I  have  endeavored  to 
cover   this   point  irrespective  of  the   percentage  of  carbon  or  phos- 

*  "  Observations  on  the  Relations  between  the  Chemical  Constitution  and  Physical 
Character  of  Steel,"  by  William  R.  Webster,  Transactions,  American  Institute  of  Min- 
ing Engineers,  Vol.  xxi,  1893-3,  p.  767. 
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phorus,  but  upon  further  investigation  it  may  be  necessary  to  take  one  Mr.  Webster, 
or  both  of  these  elements  into  account  in  estimating  the  effect  of  high 
and  low  manganese. 

"Assuming  the  first  addition  of  0.15%  manganese  to  increase  the 
ultimate  strength  3  600  lbs,  we  have : 

"  Increase  in  Ultimate  Strength  by  Successive  Increments  of  Manganese. 


Increase  in  ultimate 

Total  increase  in  ultimate 

"  Manganese 

strength. 

strength  from  0  Manganese. 

From 

To 

Lbs.  per  square  Inch. 

Lbs.  per  square  inch. 
3600 

0.00 

0.15 

3600 

0.15 

0.20 

1200 

4800 

0.20 

0.25 

1100 

5900 

0.25 

0.30 

1  000 

6900 

0.30 

0.35 

900 

7  800 

0.35 

0.40 

800 

8600 

0.40 

0.45 

700 

9  300 

0.45 

0.50 

600 

9900 

0.50 

0.55 

500 

10  400 

0.55 

0.60 

500 

10  900 

0.60 

0.65 

500 

11400" 

When  sulphur  was  not  considered  as  increasing  the  ultimate  strength 
of  steel,  the  writer  found  that  the  indications  were  that  the  ultimate 
strength  of  pure  iron  without  carbon,  phosphorus  or  silicon  would  be 
about  38  000  lbs.  per  square  inch.  To  this  he  added  the  value  of  car- 
bon and  phosphorus,  and  gave  the  results  in  tabulated  form  for  con- 
venience in  using,  to  estimate  ultimate  strength  (see  Table  No.  4). 

On  the  top  line  of  Table  No.  4,  opposite  .000  phosphorus,  is  given 
the  strength  due  to  pure  iron,  and  an  addition  of  800  lbs.  for  each 
.01%"  carbon  ;  as,  for  instance,  under  .10  carbon,  we  have  38  000  plus 
10  X  800  equals  46  000.  Then  on  the  other  horizontal  lines,  opposite 
.01  to  .10%  phosphorus,  the  additions  have  been  made  for  the  values  of 
phosphorus  given  in  Table  No.  3.  For  instance,  .06%"  of  phosphorus 
with  .06,  .07  or  .08%  carbon  4  800  lbs.  are  added,  but  with  .06%  of 
phosiihorus  with  11%  carbon  6  600  lbs.  are  added,  and  with  .15% 
carbon  9  000  lbs.  are  added  for  the  same  amount  of  phosphorus. 

"In  basic  open-hearth  steel,  we  have  deducted  2  100  lbs.  from  the 
estimated  ultimate  strength;  this  has  given  fair  results,  but  the  amount 
of  deduction  may  have  to  be  modified  in  using  the  new  table. 

"From  the  results  obtained,  I  believe  that  I  am  safe  in  saying  that 
in  all  rolled  steel  the  quality  depends  on  the  size  of  the  bloom,  or  in- 
got, from  which  it  is  rolled,  the  work  put  on  it,  the  temperature  at 
which  it  is  finished,  and  the  chemical  composition  of  the  steel  ;  that  is, 
a  table  of  this  kind  could  be  used  for  beams,  angles,  bars,  etc.  For 
instance,  a  6  x  6  x  f-in.  angle,  with  a  given  chemical  composition, 
might  give  4  000  pounds  higher  ultimate  strength  than  indicated  by 
mv  table  ;  but  by  making  this  allowance,  the  table  could  be  used  to 
advantage  to  show  what  ultimate  strength  another  heat  of  steel  with 
different  chemical  composition  would  give  if  rolled  into  the  same  sized 
angle.     I  trust  that  this   j>oint  is  clear,  and  that  some  of  the  shape 

mills  will  take  the  matter  up  aiid  let  us  hear  from  them. "  * 

*  W.  R.  W.,  Transactions,  A.  I.  M.  E.,  1893,  Vol.  xxili,  p.  115. 
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Mr.  Webster. 
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' '  When  rolling  heavy  steel  plates,  trouble  is  often  caused  by  finish-  Mr.  Webster, 
ing  them  at  too  high  a  temperature,  which  gives  a  material  with  crys- 
talline fracture,  poor  reduction  of  area,  and  poor  bends.  In  order  to 
guard  against  this  and  control  the  finishing  temperature,  we  use  very 
light  draughts  in  rolling,  and  produce  as  good  results  in  heavy  i3lates 
as  in  light  ones.  Too  much  importance  cannot  be  given  to  the  heat- 
treatment  of  steel.  Mr.  H.  M.  Howe's  recent  exi:)eriments  on  this  subject 
are  of  the  greatest  value,  and  it  is  to  be  hojoed  that  they  will  be  continued 
on  a  lai'ger  scale  in  connection  with  the  work  of  rolling  and  forging."* 

Mr.  Campbell's  criticism  relates  more  to  the  arrangement  in  tab- 
ulated form  of  the  values  arrived  at  by  the  writer  for  each  element  than 
to  the  values  themselves.  He,  of  course,  had  the  option  of  using  these 
values  in  either  form,  and  one  or  two  trials  would  have  shown  that  each 
gives  the  same  results,  and  that  the  tables  save  time  and  Avork. 

In  order  to  answer  Mr.  Campbell  in  detail,  it  is  necessary  to  give  his 
criticism  in  full.  He  states  in  his  "  Structural  Steel,'' on  pages  284, 
285  and  286  : 

"The  most  comprehensive  and  systematic  study  of  the  physical 
formula  of  steel  has  been  carried  out  by  W.  R.  Webster.  He  has  used 
the  long  and  laborious  method  of  successive  approximations,  and,  by 
cutting  and  trying,  has  found  the  effect  of  each  element  upon  the 
ultimate  strength,  as  well  as  the  effect  of  the  thickness  and  finishing 
temperature.     The  results  are  given  by  him  as  follows." 

He  then  refers  to  the  writer's  values  as  already  given,  and  continues 
as  follows: 

"An  examination  of  these  figures  reveals  two  absolutely  irreconcil- 
able conditions,  for  Mr.  Webster  takes  as  his  starting  point  the  dictum 
that  carbon  is  a  constant,  and  proceeds  to  construct  a  table  in  which 
it  is  not  a  constant  at  all,  and  in  which  it  is  not  even  constantly 
irregular.  By  his  own  calculation  a  steel  of  .06%  phosphorus  and 
.10>'(^  of  carbon  is  strengthened  1  400  lbs.  by  the  addition  of  .01  %  of 
carbon,  while  with  .10%"  phosphorus  it  is  strengthened  1  800  lbs.  by 
the  same  addition.  Assuredly,  this  is  not  a  constant  effect.  Moreover, 
carbon  does  not  even  have  a  constant  effect  with  the  same  content  of 
other  metalloids,  for,  with  .10%  of  phosphoriis,  an  increase  in  carbon 
from  .07  to  .08%  raises  the  strength  800  Ib.s.,  while  an  increase  from 
.08  to  .09%  strengthens  it  1  800  lbs. 

"It  would  be  just  as  correct  to  conclude  from  these  results  that 
phosphorus  is  a  constant  and  carbon  a  variable,  as  to  say  that  carbon 
is  a  constant  and  phosphorus  a  variable.  The  changing  values  whicb 
it  would  be  necessary  to  assign  to  carbon  to  fulfill  the  first  assximption 
would  be  no  more  arbitrary  and  hypothetical  than  the  changing  values 
assigned  to  phosphorus  by  Mr.  Webster,  or  the  changing  values  which 
he  has  assigned  to  manganese.  Thus  the  table  which  has  been  given 
is  entirely  indecisive,  since  it  can  be  translated  into  two  diametrically 
ojjposite  readings,  and  it  must  be  acknowledged  that  one  empirical 
formula  is  as  good  as  another,  provided  the  same  answers  are  obtained 
from  both. 

"  This  curious  contradiction  of  the  i^remises  by  the  conclusion  can 

only  arise  from  some  erroneous  hypothesis  in  the  vahies  assigned  to 

the  different  elements,  for  in  the  construction  of  such  equations  it  is 

l^lain  that  an  error  in  one  factor  must  be  atoned  for  by  an  opposite  and 

'"W.  R.  W.,  Journal  of  the  Iron  and  Steel  Institute,  1894,  No.  1,  p.  335. 
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Mr.  Webster,  equal  error  iu  another  factor.  If  tliis  reasoning  be  true,  then  very 
little  faith  can  be  attached  to  the  formula  as  an  expression  of  funda- 
mental laws,  however  accurately  the  mathematical  results  may  coincide 
with  observations. 

"It  is  to  be  regretted  that  the  earnest  endeavor  of  Mr.  Webster  to 
write  the  physical  formula  should  have  been  hami^ered  by  the  necessity 
of  working  on  sheared  plates,  which  are  finished  under  greater  varia- 
tions of  temperature  than  angles  or  bars,  and  furthermore  that  these 
plates  were  of  basic  Bessemer  steel,  a  material  which  would  not  be  chosen 
for  its  regularity.  By  correcting  for  thickness  and  finishing  tempera- 
ture, Mr.  Webster  has  shown  that  about  90%  of  the  heats  investigated 
came  within  5  000  lbs.  j^er  square  inch  of  what  his  equation  calls  for. 

"'  This  is  a  very  satisfactory  result,  and  it  is  not  in  a  spirit  of 
hypercriticism  (for  my  own  results,  to  be  given  later,  display  examples 
of  the  same  character),  but  from  a  strictly  scientific  point  of  view,  that 
attention  is  called  to  the  very  unpleasant  corollary  that  one  charge  out 
of  every  ten  does  not  give  results  within  5  UOn  lbs.  Some  of  these 
undoubtedly  are  vitiated  by  wrong  chemical  determinations,  for  the 
carbon  was  determined  by  color,  and  this  gives  only  approximate 
results ;  on  others  there  might  well  be  an  error  m  estimating  the  finish- 
ing temjjerature;  on  others  there  would  be  mistakes  in  measuring  and 
testing;  while  some  pieces,  perhaps,  did  actually  show  those  peculiarities 
which  we  call  abnormal,  which  arc  ascribed  sometimes  to  oxide  of  iron, 
sometimes  to  nitrogen,  and  not  infrequently  to  the  devil,  but  which 
grow  less  numerous  as  we  learn  more  of  our  art. 

"I  cannot  believe  that  the  complicated  formula  of  Mr.  Webster 
represents  actual  conditions,  and  the  remainder  of  this  chajjter  will 
attempt  to  show  that  a  reasonably  accurate  empirical  equation  of  steel 
may  be  written  without  the  introduction  of  such  manifold  variations, 
and  by  the  use  of  constant  values  for  each  element  within  the  limits 
usually  obtaining  in  structural  metal.  It  will  also  be  shown  that  the  first 
increments  of  manganese  do  not  add  greatly  to  the  strength  of  steel,  since 
low-manganese  metal  is  stronger  than  would  be  indicated  by  a  formula 
that  apjjlies  to  steels  containing  higher  jjercentages  of  this  element." 

Mr.  Campbell  ignores  the  facts,  that  much  of  the  writer's  work  was 
on  universal  mill  plate,  that  many  heats  of  open-hearth  steel  were  in- 
cluded in  the  investigation,  and  that  the  chemist's  work  was  checked 
from  time  to  time  by  sending  him  duplicate  sets  of  drillings  under 
different  numbers.  The  color  carbon  determinations  were  used  as  is 
the  general  i:)ractice  at  Steelton  and  other  works. 

It  is  hardly  necessary  to  work  out  the  cases  referred  to  by  Mr. 

Campbell   after  the  full  explanations   already  given    as   to   how   the 

writer's  tables  were  constituted,  but  they  are  as  follows: 

Percentage  of     Pure  Additions  for        Additions  for  Difference 

C.       P.         Iron.  carbon.  phosphorus. 

.10  .06  38  000  +  800  X  10  -f  1  000  x  06  =  52  000   

.11  .06  38  000  +  800  X  11  +  1  100  x  06  =  53  400  1  400 

.10  .10  38  000  +   800  X  10  +  1  000  X  10  =  56  000   

.11  .10  38  000  +  800  X  11  -f  1  100  x  10  =  57  800  1  800 

.07  .10  38  000  +  800  X  07  -f  800  x  10  =  51  600   

.08  .10  38  000  +  800  x  OS  -f  800  X  10  =  52  400  800 

.08  .10  38  000  -f-  800  x  08  -f  800  x  10  -=  52  400   

.09  .10  38  000  -f  800  x  09  +  900  x  10  =  54  200  1  800 
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In  each  of  tliese  cas9s  the  difference  in  ultimate  strength  due  Mr.  Webster, 
to  .01^^  carbon  is  800  lbs.,  but  to  this  is  to  be  added  the  difference  due 
to  phosphorus  in  the  presence  of  the  higher  carbons,  which,  in  the 
first  case  amounts  to  600  lbs. ,  in  the  second  to  1  000,  while  in  the  third 
there  is  no  difference,  as  the  carbons  are  .08%"  and  below.  In  the  last 
case  the  difference  is  1  000  lbs.  This  gives  a  total  diflference  due  to 
carbon  and  j)hosphorus  of  1  400,  1  800,  800  and  1  800,  respectively. 
Now,  reference  to  Table  No.  4  will  show  the  same  strength  due  to  pure 
iron,  carbon  and  j^hosphorus,  with  the  same  difference  as  shown  above. 

There  is  nothing  in  all  this  that  is  "  absolutely  irreconcilable,"  nor 
is  there  a  case  where  the  "results  contradict  the  premises."  The 
values  used  are  those  which  gave  the  best  results  after  many  trials  on 
over  1  000  test  pieces  iised  in  this  investigation,  besides  hundreds  of 
trials  on  the  steel  graded  in  the  course  of  the  routine  every-day  work 
at  the  mill. 

As  Mr.  Campbell  does  not  believe  that  the  Avriter's  tables  represent 
actual  conditions,  the  writer  would  ask  him  if  any  one  of  the  elements 
had  a  different  effect  per  unit,  due  to  a  larger  or  smaller  amount  of  the 
other  elements  present,  what  value  Avould  be  arrived  at  by  the  method 
of  least  squares?  Would  it  not  be  the  average  value  of  this  element? 
If  this  is  the  case,  why  is  he  so  positive  that  the  writer's  values  are  not 
right,  and  that  the  eflfect  of  phosphorus  is  not  greater  as  the  carbon  in- 
creases? Also,  that  the  effects  of  the  other  elements  are  always  the 
same  per  unit,  no  matter  in  what  amount  they  may  be  present  in  the 
steels  under  consideration. 

In  other  portions  of  his  book  Mr.  Campbell  is  not  so  positive  in  his 
statements  on  this  point  and  others  referred  to  above,  as  will  be  seen 
by  the  following: 

"It  would  seem,  therefore,  that  the  regularly  increasing  baneful- 
ness  of  phosphorus  as  the  carbon  is  raised  does  not  portray  any  change 
in  nature,  but  that  although  the  effect  of  the  metalloid  in  lower  steels 
is  obscured,  its  character  is  the  same.  No  line  can  be  drawn  that  can 
be  called  the  limit  of  safety,  since  no  practical  test  has  ever  been  de- 
vised Avhich  completely  represents  the  effect  of  incessant  tremor.  For 
common  structural  material  the  critical  content  has  been  placed  at  lOj^ 
by  general  consent,  but  this  is  altogether  too  high  for  railroad  bridge 
work.  All  that  can  be  said  is  that  safety  increases  as  phosphorus  de- 
creases, and  the  engineer  may  calculate  just  how  much  he  is  willing  to 
pay  for  greater  protection  from  accident.     *     *     * 

"It  is  certain  that  carbon  increases  the  strength  of  steel  when 
present  in  small  j^roportions,  but  that  after  a  certain  content  is  reached 
(say  about  1.00%^)  there  is  no  increase  in  cohesive  jjower  from  a  further 
addition.  It  will  also  be  granted  that  this  point  is  not  a  sudden  break 
in  the  line,  but  that  the  effect  of  each  unit  of  carbon  decreases  as  it  is 
approached.  If  this  relation  holds  good  throughout  the  whole  series 
of  alloys,  then  each  successive  increment  of  carbon  will  have  a  less 
effect  from  the  starting  point  of  pure  iron. 

"It  is  also  possible,  for  the  same  reasons,  that  every  other  metalloid 
will  follow  the  same  rule,  so  that  the  influence  of  each  separate  alloyed 
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jsii-.  Webster.  TABLE  No.  7 — Compaeison  of  Estimated  Ultimate  Strengths, 

In  this  Table  Manga- 


Phos.  .000... 


.02.. 


.03.. 


■'•'       .04. 


.05. 


.10. 


Carbon  = 


Webster , 

Campbell basic 

Campbell acid. 

Cunningham 


Webster 

Campbell basic 

Campbell acid 

Cunningham 


Webster 

Campbell basic. 

Campbell acid. 

Cunningham 


.06   .07 


49  300  50  100  .51  (  '.10(1 
40  530  47  4K0  4S  4:^0 

45  KOO  47  070  4S  2S0 

46  (XX)|47  000,48  WOO 


.10 


.12 


51  700  .52  500  53  300  54  100 

40  380:50  330,51  280  52  230 

4'.)  4'.l0|50  700,51  010:53  120 

40  (KX)  50  000  51  0001.52  000 


.50  100150  000  51  700  52  600  53  500 

47  .58(1  4S  .53(l!40  480'5(t  4:30|51  380 

46  7.50  47  OCO'IO  170  50  380|51  590 

47  000  48  (HK)  49  000  50  (JOO  51  000 


50  900 
48  &30 

47  640 

48  000 


51  700 
49  580 
48  ftoO 
19  000 


Webster 51  700 

Campbell. . .  .basic.  49  two 

Campbell acid.  48  5.30 

Cunningham 49  000 


52  500 
50  730 

49  420 

50  000 


Webster 

Campbell basic. 

Campbell acid. 

Cunningham 


Webster 

Campbell basic. 

Camjjbell acid. 

Cunningham 


.06.. 


.07. 


.08... 


■)00  53  300 
.50  030  51  580 

49  740  50  950 

50  000  51  000 


53  300 
51  780 

50  310 

51  000 


Webster .54  100 

Campbell basic.;.52  830 

Campbell acid.  151  20(J 

Cunningham 52  000 


52  500 
.50  530 
50  060 
50  000 


53  500154  500 
51  480152  430 
51  270:52  480 
51  000 1.52  000 


.53  300 
51  680 

50  630 

51  000 

54  100 

.52  730 

51  .520 

52  000 

54  '.m 

,5:^  780 

52  410 

53  000 


54  100 
52  630 

51  840 

52  000 


54  400  55  300 


52  330 
52  800 

52  000 

55  50(J 
.53  380 

53  690 
53  000 


54  400  55  500  56  600 
52  5:301.53  480  54  430 
52  160  53  370'54  580 
52  000  53  000  54  000 


55  300 
53  580 
.53  050 
53  000 


54  900  56  20c 


53  680 

52  7.30 

53  000 


54  63C 

53  94t 

54  OOC 


55  700  57  100 
.54  730  55  680 

53  620  54  830 

54  000  55  000 


Webster 1m  900  .55  700  56  500 

Campbell basic.  .53  880.54  830  55  780 

CampbeU acid.  .5-J  09o'.5;{  3(K).54  510 

Cunningham 53  000  54  000l,55  000 


Webster 

Campbell basic. 

Campbell acid. 

Cunningham 


Webster 

CampbeU basic , 

Campbell acid, 

Cunningham 


55  700 
54  930 

52  980 

54  000 

56  500 

55  980 

53  870 
55  000 


I  Webster 57  300 

.  ICampbell basic.  1.57  030 

.  ICampbell acid.  54  760 

.  ICunningham 56  000 


.001  PJios.  =  I  Webster 

=  j  Campbell basic. 

•'       ■•      =|Campbell acid. 

"        •■      ==  Cunningham 


105 
89 
100 


56  .500 
55  880 

54  19() 

55  000 

.57  300 

56  930 

55  080 

56  000 

.58  100 

57  980 
55  970 
57  000 


57  300 
56  830 

55  400 

56  000 

58  100 

57  880 

56  290 

57  000 


80 
105 


100 


57  700 
55  480 
55  470 
55  000 


53  280 
.54  010 
.53  000 

56  500 

54  330 
54  900 

54  000 

57  700 
.55  380 

55  790 
55  000 


58  000 
56  7.30 

55  720 

56  000 

58  900 

57  780 

56  610 

57  000 

59  800 

58  830 

57  500 

58  000 


56  500 
54  530 
54  260 

54  000 

57  500 

55  580 
.55  150 

55  000 

58  500 

56  630 
56  040 

56  000 

59  500 

57  680 

56  930 

57  000 

60  500 

58  730 

57  820 

58  000 

61  500 

59  780 

58  710 

59  000 


54  900 
.53  180 

54  330 
53  000 

56  200 
.54  230 

55  220 
.54  COO 


.13 


.14 


55  700 
5-1  130 
55  540 

54  000 

57  100 

55  180 

56  430 
55  000 


,57  500  58  .500 

55  280  56  230 

56  110  57  320 
55  000  56  000 

I 
58  800  59  900 


.56  .3.30 
57  tXK) 
56  000 


58  900  60  100 
56  4.30  57  380 
.56  680  57  890 
56  000  57  000 


58  800  60  100 
56  530  57  480 
56  360157  .570 
56  000  57  000 


59  900 
57  .580 
57  250 


57  000  58  000 


61  000 1 62  .50f)64  000 
58  630  .59  .580  CO  .5.30 
58  140  .59  3.50  00  r.60 
58  OOU  59  U(Kt(iO  (XK) 


.58  900  60  700 
.58  930  59  880 

57  180  58  390 

58  000  59  000 


80 
105 


90 
105 


100 


62  500 
60  8.30 
.59  600 
60  000 

100 
105 
89 
100 


61  300 
58  530 
58  460 


61  400 
.58  4.30 

58  780 

58  000 

62  700 

59  480 
59  670 
59  000 


62  100 ; 63  700 
59  680  60  630 
59  030 1 60  240 
59  000  60  000 


65  300 
61  580 
61  450 
61  000 


57  280 

58  210 

57  000 

61  300 

58  380 

59  100 

58  000 

62  700 

59  380 
59  990 

59  000 

64  100 

60  430 
60  880 

60  000 

65  500 

61  480 
61  770 

61  000 

66  900 

62  530 
62  660 
62  000 


63  20(1  (il  900  CC  600  68  300 

60  730  (ii  CKO  02  630  63  580 

59  920  01  130  02  340  68  550 

60  000:61  000  62  000  63  000 


64  300  66  100  67  900 
61  7'80  i;2  730  ()3  680 

60  810  (12  020  03  230 

61  000  62  0(10  (i3  000 


110 
105 


100 


120 
105 
89 
100 


130 
105 


100 


69  700 
64  630 
64  440 
64  000 

140 
105 
89 
100 
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BY  Methods  of  Webstek,  Campbel,l,  and  Cunningham. 
nese  is  .40  in  all  cases. 


Mr.  Websteiv 


.15 

.16 

.17 

.18 

.19 

.20 

.21 

.22 

.23 

.24 

.25 

.36 

.27 

.28 

56  500 

57  300 

58  100 

58  900 

59  700 

60  500 

i     j 
(il  300  ()2  100'62  900 

63  700 

64  .500 

65  .300,66  100 

66  900 

55  080 

56  0.30 

56  980 

.57  930 

58  880 

59  830 

60  rso  (il  730  62  680 

&3  630 

64  580 

65  530  66  480 

67  430 

56  750 

57  960 

59  170 

60  380 

61  590 

62  800 

64  010  <i5  220  66  430 

67  640 

68  850 

70  060 1 71  270 

73  480 

55  000 

56  000 

57  000 

58  000 

59  000 

60  000 

61  000  62  000  63  000 

64  000 

65  000 

66  000 

67  0(M3 

68  000' 

58  000 

58  800 

59  600 

60  400  61  200 

62  000 

62  800  63  600  64  400 

65  200 

66  000 

66  800 

67  600 

68  400 

56  130 

57  080 

58  030 

58  980 

59  '.«() 

(;o  sso 

01  ,S3()  (12  rso  63  730 

64  680 

65  6.30 

66  580 

67  5:30 

68  480 

57  640 

58  850 

60  060 

61  270 

62  4K() 

(i.'i  Cj'.Mt 

ti-1  IMK)  (id  110  (;7  320 

68  530 

69  740 

70  950 

72  160 

73  370 

56  000 

57  000 

58  000 

59  000 

60  000 

61  000 

()2  000,63  000  64  000 

65  000 

66  000 

67  000 

68  000 

69  000 

59  500 

60  300 

61  100 

61  900 

62  700 

63  500 

64  300  65  100  65  900 

66  700 

67  500 

68  .300 

69  100 

69  900 

57  180 

58  130 

59  0»0 

60  030 

60  980 

61  930 

62  880  6:3  830  64  780 

65  730 

66  680 

67  630 

68  580 

69  530 

58  530 

59  710 

60  950 

62  16C 

83  370 

64  5H0 

65  790  67  000  68  210 

69  420 

70  630  71  840 

73  050 

74  360 

57  000 

58  000 

59  000 

60  000 

61  000 

62  000 

63  000  64  000  65  000 

66  000 

67  000 

68  (XM) 

69  000 

70  000 

61  000 

61  800 

62  600 

63  400 

64  200 

65  000 

65  W)o[(;(l  (lOO  67  400 

68  200 

69  000 

09  8(» 

70  600 

71  40O 

.58  230 

59  180 

60  130 

61  080 

62  030 

62  980 

63  930 

04  S,SO  65  830 

66  780 

67  TiO 

68  680 

69  630 

70  580 

59  430 

60  6.30 

61  840 

63  050 

64  260 

65  470 

66  680 

(57  890  69  100 

70  310 

71  520 

72  730 

Zi  940 

75  1.50 

58  000 

59  000 

60  000 

61  000 

62  000 

63  000 

64  000,65  000  66  000 

67  OOO 

08  000 

69  000 

70  000 

71  000 

62  500 

63  300 

64  100 

64  900 

65  700 

66  500 

67  300 

68  100  68  900 

69  700 

70  .5(X) 

71  300 

72  im 

72  900 

.59  280 

60  230 

61  IHO 

62  130 

63  (180 

1)4  0:!0 

64  980 

05  030  ()()  SSO 

67  830 

68  780 

(•)9  730 

7'0  680 

71  630 

60  310 

61  520 

62  730 

63  940 

65  l.")0 

(it;  300 

()7  570 

OK  780  (iO  990 

71  200 

72  410 

73  t)2(J 

74  830 

7(i  040 

59  000 

60  000 

61  OOC 

62  000 

6:3  000 

04  000 

65  000 

66  000  67  000 

68  000 

69  000 

70  000 

71  000 

72  0(K> 

64  000 

64  800 

65  600 

66  400 

67  200 

68  000 

68  800 

69  600  70  400 

71  200 

72  000 

73  800 

73  600 

74  44(t 

60  330 

61  280 

62  230 

63  180 

64  130 

65  080 

66  030 

66  98<»  67  930 

68  880 

69  a30 

70  780 

71  730 

72  mn 

61  200 

62  410 

63  620 

64  8.30 

66  040 

67  250 

68  460 

69  (i70  70  880 

72  090 

73  300 

74  510 

75  720 

76  930 

60  000 

61  000 

62  000 

63  000 

64  000 

65  000 

66  000 

67  000  68  (KK) 

69  000 

70  000 

71  000 

72  000 

73  000 

65  500 

66  300 

67  100 

67  900 

68  700 

69  500 

69  300 

71  10071  900 

72  7(X) 

73  .500 

74  300 

75  100 

75  90O 

61  380 

02  330 

m  280 

64  230 

65  180 

66  130 

67  080 

68  030  68  980 

69  930 

70  880 

71  830 

72  780 

7'3  730 

62  090 

63  300 

64  510 

65  720 

66  930 

68  140 

69  350 

70  .560  71  770 

?2  980 

74  190 

75  400 

76  610 

77  820 

61  000 

62  000 

63  000 

64  000 

65  000 

66  000 

67  000 

68  000  69  000 

70  000 

71  000 

73  000 

73  000 

74  OOO 

67  000 

67  8on 

6s  6on 

60  400 

70  200 

71  000 

71  800 

72  ()00'73  400 

74  200 

75  000 

75  800 

76  600 

77  400 

62  430 

63  380  ItU  :-!:iii  (i.i  -^80 

•  it)  230 

(iT  ISO 

6S  130 

(iO  OSO  70  030 

70  980 

71  930 

72  880 

73  830 

74  780 

62  980 

64  I'.IO  iir,  4(»0  IK)  tilll 

or  820 

(i'.l  03(1 

VO  24(1 

71  4.50  72  660 

73  870 

75  080 

76  290 

77  500 

78  710 

62  000 

63  000  04  m)  65  OOU 

66  OOU 

67  000 

68  000 

69  000  70  000 

71  000 

72  000 

73  000 

74  000 

75  OOO' 

68  500 

69  300 

70  100  70  900 

71  700 

72  500 

72  300 

74  100  74  900 

75  700 

76  500 

77  300 

78  100 

7'8  960 

63  480 

64  430 

65  380  66  330 

67  280 

68  230 

69  180 

70  130  71  080 

72  030 

72  980 

73  9.30 

74  880 

75  8;30- 

63  870 

65  080 

66  290  67  500 

68  710 

69  920  71  130 

72  :i40  73  550 

74  760 

75  970 

77  180 

78  390 

79  600 

63  000 

64  000 

65  000  66  000 

67  000 

68  000  69  000 

70  000  71  000 

72  000|73  000 

74  000 

75  000 

76  000 

70  000 

70  800 

71  600  72  400 

73  200 

74  000  74  800 

75  600,76  400 

77  200 

78  000 

78  800 

79  600 

80  400 

64  530 

65  480  66  430  67  380 

68  3.30 

69  280  70  230 

71  180,72  130 

73  080 

74  030 1 74  980 

75  930 

76  880 

64  760 

65  970 

67  180  68  390 

69  600 

70  810  72  020 

73  230  74  440 

75  650 

76  860178  070 

79  280 

80  490 

64  000 

65  000 

66  000  67  000 

1 

68  000 

69  000  70  000 

71  000,72  000 

73  000 

74  000 

75  000 

76  000 

77  00(> 

71  500 

72  300 

73  100,73  900 

74  700 

75  500 

76  .300 

77  100  77  900  78  700 

79  500 

80  .300 

81  100 

81  900 

65  580 

66  530  67  480  68  430 

69  380 

70  330 

71  280 

72  230  73  180 

71  130 

75  080 

76  0.30 

76  980 

77  930 

65  650 

66  860 

68  070  69  280 

70  490 

71  700 

72  910 

74  120  75  330 

76  540 

77  7.50 

78  960 

80  170 

81  380 

65  000 

66  000 

67  000  68  000 

69  000 

70  000 

71  ato 

72  000  73  000 

74  000 

75  000 

76  000 

77'  000 

78  OOO. 

150 

150 

150   150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

105 

105 

105  <■     105 

105 

105 

105 

105 

105 

105 

105 

105 

105 

105 

89 

89 

89    89 

89 

89 

89 

89 

89 

89 

89 

89 

89 

89 

100 

100 

100 

100 

100 

100 

100 

110 

100 

100 

100 

100 

100 

100. 
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:xii.  Webster,  element  will  be  i-epresented  by  a  curve.  This  may  be  an  arc  of  a  circle, 
or  a  parabola,  or  a  cycloid,  or  a  broken  line;  it  may  be  different  in  de- 
gree or  different  in  nature  in  the  case  of  eacli  element;  and  it  may  vary 
in  degree  or  even  in  nature  with  changes  in  the  proportions  of  the 
associated  elements.  But  it  will  be  assumed  in  this  investigation  that, 
within  the  narrow  limits  of  the  divisions  of  the  table,  the  effect  of  a 
regular  increase  in  the  percentage  of  each  metalloid  would  be  repre- 
sented by  a  straight  line.  In  other  words,  that  an  increase  of  carbon 
from  .20' to  .21%  gives  the  same  increment  in  strength  as  an  increase 
from  .10  to  .11  per  cent." 

In  order  to  study  more  closely  the  relations  between  the  estimated 
ultimate  strengths  arrived  at  by  the  writer's  method  and  those  of 
Messrs.  Campbell  and  Cunningham,  the  tables  have  been  constructed 
■on  the  same  general  plan  as  Table  No.  5,  giving  the  values  of  all  three 
■observer's  on  each  table,  the  carbons  being  in  all  cases  from  .06  to  .'2.8% 
inclusive.  The  values  are  for  open-hearth  steel,  and  suljihur  has  not 
been  considered,  but  it  can  be  used  in  connection  with  these  tables  by 
adding  500  lbs.  for  each  .01%  oi  sulphur  above  .065%"  sulphur,  and  de- 
ducting from  the  values  given  500  lbs.  for  each  point  below  this 
amount.  In  Table  No.  5*  the  manganese  is  zero  in  all  cases,  and  for  that 
reason  the  values  for  Mr.  Campbell's  acid  steel  and  Mr.  Cunningham's 
values  are  higher  than  the  others,  as  in  these  cases  the  value  of 
manganese  has  been  indirectly  included  in  that  of  carbon.  Taking, 
however,  Tables  Nos.  6,  7,  8  and  9,*  with  manganese  30,  .40,  .50  and 
,60,  respectively,  the  estimated  ultimate  strengths  of  one  observer  agree 
Tvith  those  of  the  other  much  more  closely  than  would  be  expected 
irom  the  different  values  used  for  each  element.  Tables  Nos.  10  to  16*, 
inclusive,  are  for  carbons;  29  to  51,  inclusive,  with  manganese  .0,  .50,  .60, 
-70,  .80,  .90,  and  1  per  cent.  In  all  other  respects  they  are  the  same  as 
Tables  Nos.  5  to  9.  Of  course,  with  the  higher  carbons  these  values 
may  not  apply,  but  the  sooner  they  are  tried,  the  sooner  will  the  re- 
quired modifications  be  known. 

The  writer  believes  that  no  one  has  as  yet  arrived  at  the  right  values 
for  the  different  elements,  and  doubts  if  we  will  ever  have  a  simple  mathe- 
matical formtila  to  express  these  values,  as  the  elements  present  have, 
no  doubt,  an  effect  upon  each  other.  It  will,  of  course,  take  much 
time  and  work  to  decide  on  the  best  modifications  of  values  and 
methods  now'  in  use. 

The  writer  has  quoted  freely  from  a  paper  written  for  presentation 
before  the  American  Institute  of  Mining  Engineers,  which  gives  a 
general  summary  of  the  work  of  many  investigators  on  this  problem, 
and  is  a  more  complete  answer  to  some  of  the  points  raised  in  this  dis- 
cussion. 

•  These  tables,  5  to  16  inclusive,  are  filed  in  the  Library  of  the  Society  for  reference. 
Table  No.  7  is  printed  with  this  discussion  ( see  pages  468  and  469  in  order  to  show  the 
■comparison  referred  to. 
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WITH  DISCUSSION. 


Througli  the  courtesy  of  C.  K.  Bannister,  M.  Am.  Soc.  C.  E.,  and 
at  Ms  suggestion,  the  authors  were  enabled  to  carry  out,  in  August, 
1897,  a  limited  series  of  exj)eriments  on  the  flow  of  water  in  the 
recently  finished  conduit  of  the  Pioneer  Electric  Power  Comj^any,  of 
Ogden,  Utah,  of  which  he  was  at  that  time  chief  engineer.  As  the 
main  dam  has  not  been  constructed,  it  was  not  possible  to  extend  the 
experiments  to  the  velocities  of  flow  corresponding  to  the  full  carrying 
capacity  of  the  conduit.  It  is  the  intention  to  do  so  when  opportunity 
offers.  Believing  that  the  results  obtained  so  far,  and  a  description  of 
the  method  of  experimentation  adopted,  may  prove  of  interest  to  the 
profession,  this  paper  is  submitted. 
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For  a  description  of  the  entire  pipe  line  and  of  the  construction  of 
the  pipe,  reference  may  be  made  to  a  paper  recently  published.* 
The  plan  and  profile  of  each  of  the  portions  experimented  upon  are 
given  herewith,  in  connection  with  the  account  of  the  experimental 
results. 

I. — Descbiption  of  Object  and  Methods. 

General  Plan. 

The  main  object  of  the  experiments  was  to  determine  the  relation 
between  the  rate  of  discharge  of  the  pipe  and  the  loss  of  head  between 
certain  definite  points.  To  accomplish  this  it  was  necessary  to  meas- 
ure, simultaneously,  the  pressure  at  each  end  of  the  length  of  pipe 
under  experiment,  and  the  rate  of  discharge. 

As  a  secondary  object,  observations  wex'e  taken  on  the  loss  of  head 
in  the  Veuturi  meters,  with  different  velocities  of  flow. 

Pressure  Measurements. 

(i)  Method  Adopted. — A  consideration  of  the  probable  range  of  the 
losses  of  head  to  be  measured  made  it  evident  that  a  far  greater  degree 
of  precision  was  reqiiired  in  the  pressure  measurements  than  could  be 
attained  with  any  pressure  gauge  of  the  Bourdon  type.  It  seemed 
reasonably  certain  that  the  best  results  attainable  with  such  a  gauge 
would  be  unreliable  by  at  least  as  much  as  1  lb.  jjer  square  inch  (equiv- 
alent to  a  water  cohamn  of  2.3  ft.);  more  jn'obably  the  errors  would  be 
two  or  three  times  that  amount,  or  even  greater.  Such  a  degree  of 
uncertainty  would  render  the  results  wholly  valueless.  It  was  there- 
fore decided  to  use  mercury  gauges. f 

(2)  Description  of  Gauges. — The  form  of  gauge  used  was  the  >ordin- 
ary  open  manometer.  Fig.  la  shows  the  essential  parts  of  the  mano- 
meter as  used  at  the  point  of  greatest  pressure,  near  the  power  house. 
Besides  the  manometer  proper,  the  figure  shows  a  water-jacket  sur- 
rounding the  mercury  tube,  and  a  vessel  into  which  the  water  passing 

*  "  The  Power  Plant,  Pipe  Line  and  Dam  of  the  Pioneer  Electric  Power  Company  at 
Ogden,  Utah,"  by  Henry  Goldmark,  M.  Am.  Soc.  C.  E.     Transactions,  Vol.  xxxviii,  p.  346. 

+  This  discussion  of  Bourdon  gauges  has  reference  only  to  their  appUcability  to  this 
series  of  experiments.  It  is  not  meant  to  imply  that  such  gauges  can  never  give  satis- 
factory results  in  experiments  of  this  kind.  For  a  great  length  of  pipe  the  loss  of  head 
may  be  so  great  that  the  errors  of  a  Bourdon  gauge  are  relatively  unimportant.  In  any 
case,  however,  such  gauges  should  be  repeatedly  and  carefully  tested,  during  the  period 
of  experimenting,  at  about  the  pressures  at  which  they  are  used.  It  will  aid  in  eliminat- 
ing gauge  errors  if  the  pressure  is  measured  at  various  points  along  the  profile  of  the 
pipe. 
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through  the  water-jacket  wasted;  the  mercury  reservoir,  beiug  placecl 
in  this  vessel  and  beiug  surrounded  by  water.  The  mercury  reservoir 
A  is  of  cast  iron,  the  interior  being  cylindrical,  4  ins.  in  diameter.  In 
one  side  is  a  window,  fitted  with  glass,  through  which  the  position  of 
the  mercury  surface  may  be  observed.  The  vertical  tube  B  B  is  of 
i-in.  wrought-iron  pipe,  except  at  the  upper  end,  where  a  length  of 
glass  tube  D  is  attached,  with  a  scale  for  reading  the  position  of  the 
top  of  the  mercury  column.  Into  the  top  of  the  reservoir  ^4  is  fitted  a 
pipe  C  C,  leading  to  that  cross-section  of  the  main  pipe  at  which  the 
pressure  is  to  be  measured.     In  the  j)ipe  (7  (7  is  a  gate-valve  Y,  and  at 


^ilR  VALVES  %^ 


LOWER    MANOMETER 
Fig.  la. 


DIFFERENCE    GAUGE 
Fig.  16. 


Xis  an  air-cock.  When  the  gauge  is  in  use  the  pipe  C  C  and  the  space 
in  the  reservoir  above  the  mercury  are  filled  with  water.  The  air  in 
the  reservoir  is  removed  by  opening  the  air-cock  X  and  allowing  water 
to  enter  slowly  through  the  partially  ojien  valve  Y.  The  air-cock  is 
then  closed  and  the  valve  Y  fully  opened,  and  mercury  rises  in  the 
tube  B  B.  The  height  of  the  mercury  column  measures  the  water 
pressure  at  the  surface  of  the  mercury  in  the  reservoir;  and  thus,  by 
allowing  for  difference  of  level,  the  pressure  is  known  at  any  point  of 
the  pipe  C  G  and  of  the  cross-section  of  the  main  pipe  to  which  this 
pipe  is  attached. 
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Two  questions  in  connection  with  tlie  use  of  the  gauge  call  for 
some  explanation — the  eflfect  of  changes  of  temperature  upon  the 
mercury  column,  and  the  method  of  attachment  of  the  gauge  to  the 
main  pipe. 

{3}  Gorvection  for  Temperature. — In  order  that  the  observations  may 
be  comparable,  the  observed  height  of  the  mercury  column  must  in 
every  case  be  reduced  to  that  of  an  equivalent  column  at  some  stand- 
ard tem])erature.  It  was  therefore  necessary  to  know  the  temperature 
of  the  mercury  at  the  time  of  each  observation  of  its  height.  The  de- 
gree of  precision  needed  in  the  temperature  observations  may  be 
estimated  by  noticing  that  a  change  of  1°  Cent,  aflfects  the  length  of 
the  mercury  column  by  about  o-sVu  of  its  value.  The  static  pressures 
at  the  four  i^oints  at  which  measurements  were  made  (expressed  in 
height  of  water  column)  were  about  462  ft. ,  153  ft. ,  101  ft.  and  48  ft. , 
respectively.  Temperature  changes  of  about  1.2°,  3.6°,  5.5°  and  11.5° 
Cent,  at  these  four  points,  respectively,  would  thus  each  correspond  to 
an  error  of  0.1  ft.  in  the  measured  pressure-head. 

At  the  lower  end  of  the  steel  pipe,  where  the  pressure  had  its 
greatest  value,  it  was  decided  to  use  a  water-jacket  for  the  jjurpose 
of  keeping  the  mercury  at  a  nearly  constant  temperature.  This  jacket 
is  shown  in  Fig.  In,  already  referred  to.  The  \-in.  mercury  tube  was 
enclosed  in  a  larger  pipe  J  J,  through  which  a  stream  of  water  was  al- 
lowed to  flow  continuously  during  the  time  of  experimenting.  The 
temperature  of  this  water  remained  nearly  constant,  and  was  read  at 
intervals  by  means  of  a  chemical  thermometer  T,  suspended  in  the 
waste-vessel  W.  This  water-jacket  surrounded  a  length  of  about  30 
ft.  of  the  column,  the  total  length  of  which  varied  from  34  ft.  to  32.8 
ft.  A  length  not  exceeding  4  ft.  was  thus  left  unjacketed;  but  it  is 
believed  that  no  serious  error  was  thus  introduced.  Thus,  for  a  length 
of  4  ft.  of  mercury,  an  error  of  about  10°  Cent,  would  be  required  to 
introduce  an  error  of  0.1  ft.  (water)  into  the  pressure-head. 

At  the  other  pressure  stations  the  heights  of  the  mercury  columns 
were  much  less,  and  it  was  thought  sufficient  to  determine  the  tem- 
perature by  means  of  a  thermometer  placed  beside  the  manometer 
tiibe.  During  most  of  the  observations  taken  at  the  upper  end  of  the 
steel  pipe  line,  where  the  greatest  height  of  the  mercury  was  about 
11.3  ft.,  the  instrument  was  shaded  during  the  time  of  experimenting. 
At  the  upper  station  on  the  wooden  pipe  line  the  manometer  was  fully 
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sliiekled  from  the  sun  by  a  shed  built  for  the  protection  of  the  pipe 
against  rock  slides,  and  the  temperature  of  the  air  was  very  constant. 
At  the  lower  station  on  the  wooden  pipe  line  the  tube  containing  the 
mercury  column  was  shielded  from  the  sun  by  a  2-in.  plank  upon 
which  it  was  mounted,  and  the  temperature  was  read  from  a  thermom- 
eter hanging  beside  it. 

Although,  in  some  respects,  more  favorable  temperature  conditions 
would  have  been  desirable  at  two  of  the  manometer  stations,  it  is 
not  believed  that  serious  error  Avas  introduced  into  the  results  from 
this  cause. 

[4)  AUachmeal  of  Manometers  to  Mrnn  Pipe. — The  proper  method  of 
attachment  of  a  piezometer  for  the  purjjose  of  measuring  the  pressure 
at  any  section  of  a  pipe  carrying  water  has  been  the  subject  of  con- 
siderable discussion.  The  main  questions  raised  have  been  :  (ci) 
whether  a  single  point  of  attachment  to  the  pipe  is  sufficient,  or 
whether  attachment  should  be  made  to  a  chamber  communicating 
with  the  iJipe  at  several  i^oints  of  the  circumference;  and  [b]  whether 
in  case  attachment  is  made  only  at  a  single  point,  this  should  be  at  the 
top  or  at  some  other  jjoint  on  the  circumference.  A  careful  considera- 
tion of  the  principles  involved  led  the  authors  to  the  conclusion  that 
the  number  of  points  of  attachment  is  immaterial,  and  that  the  jjosi- 
tion  of  the  point  of  attachment  on  the  circumference  is  imiJortant  only 
as  affecting  the  liability  to  the  collection  of  air  in  the  pipe  leading  to 
the  piezometer.* 

In  the  case  of  the  steel  pipe  the  simplest  method  available  was  to 
make  connection  with  relief  valves  at  the  top  of  the  pipe.  At  the 
lower  end  the  manometer  was  located  in  the  jjower  house,  about  200 
ft.  from  the  point  of  attachment  to  the  main  pipe;  the  connecting 
pipe,  i]  in.  in  diameter,  entering  the  building  through  a  Avindow.  At 
the  highest  point  of  this  connecting  pii^e  was  placed  a  valve  for  draAving 
off  air.  At  the  station  near  the  upper  end  of  the  steel  pipe  line  the 
connection  Avith  the  manometer  Avas  made  through  a  pipe  about  20  ft. 
in  length,  with  a  valve  for  air  at  the  highest  point.  In  both  cases  the 
air  valves  Avere  opened  at  intervals  during  each  run,  in  order  to  remove 
any  possible  accumulation  of  air. 

In  connecting  the  manometer  to  the  Avooden  pipe,  a  hole  was  bored 
at  right  angles  to  the  axis  of  the  pipe.      Into  this  hole  the  pipe  lead- 

*  A  further  discussion  of  these  questions  is  given  in  the  appendix  to  this  paper. 
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ing  to  the  manometer  was  screwed,  care  being  taken  that  there  should 
be  no  projection  beyond  the  inner  surface.  At  each  of  the  pressure 
stations  on  the  wooden  pipe  line  the  length  of  the  connecting  pipe  was 
only  a  few  feet. 

On  Plate  XXXVII,  Figs.  1  and  2  show  the  upper  and  lower  manom- 
eters, respectively,  on  the  wooden  pipe;  and  on  Plate  XXXVIII,  Figs. 
1  and  2  show  the  upper  and  lower  manometers,  respectively,  on  the  steel 
jiipe.  The  difference-gauges  on  the  north  and  south  Venturi  meters, 
respectively,  are  shown  by  Figs.  1  and  2,  Plate  XXXIX. 

Measurement  of  Rate  of  Discharge. 

(i)  Method  Adopted. — The  main  pipe,  72  ins.  in  diameter,  divides 
near  the  power  house  into  two  branches,  each  54  ins.  in  diameter. 
Each  of  these  branch  pipes  is  furnished  with  a  Venturi  meter  with  au- 
tomatic register.  These  meters  wei'e  the  only  available  means  of 
measuring  the  rate  of  discharge  with  any  approach  to  precision. 

The  automatic  registers,  however,  were  not  adapted  to  the  purpose 
in  hand.  The  register  is  an  integrating  device,  recording  the  total 
quantity  discharged,  but  not  showing  the  rate  of  discharge  directly. 
The  rate  of  discharge  can  be  determined  from  its  readings  only  by  ob- 
serving the  difference  between  the  readings  at  the  beginning  and  end 
of  a  known  period  of  time.  This  period  must  be  of  considerable 
length,  since  the  smallest  quantity  directly  indicated  by  the  register 
is  10  000  cu.  ft. ;  and  intermediate  readings  cannot  be  estimated  with 
precision.  Moreover,  the  result  of  such  a  determination  is  not  reliable 
unless  the  rate  of  discharge  has  remained  uniform,  since  the  indicating 
mechanism  moves  only  once  in  ten  minutes,  registering  at  each  move- 
ment an  amount  proportional  to  the  rate  of  discharge  at  that  instant. 
The  register  itself  gives  no  indication  as  to  what  fluctuations  in  the 
rate  of  discharge  occur  during  the  ten-minute  intervals.  It  was 
therefore  decided  to  attach  to  each  meter  a  mercury  gauge,  designed 
to  show,  at  every  instant,  the  difference  between  the  pressures  existing 
at  the  throat  and  the  up-stream  sections  of  the  Venturi.  This  pressure 
difference  indicates  the  rate  of  discharge  instantaneously;  no  time  in- 
terval need  be  measured. 

(2)  Difference- Oaujes. — For  accomplishing  the  object  stated,  the 
essential  parts  of   the  difference-gauge  are    two  vertical  glass  tubes 
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connected  at  the  bottom,  and  at  the  top  communicating  respectively 
Avith  the  two  sections  whose  pressure  dift'erence  is  to  be  determined. 
The  tubes  are  tilled  with  mercury  to  a  convenient  height,  the  space 
above  the  mercury  and  the  connecting  jiipes  being  filled  with 
water.  By  means  of  a  fixed  vertical  scale,  the  diflference  in  level 
between  the  tops  of  the  two  mercury  columns  may  be  read  at  any 
desired  instant. 

The  gauges,  as  actually  constructed,  were  designed  to  accomplish 
an  additional  object,  namely,  to  indicate  the  total  loss  of  head  in  the 
meters.  For  this  purpose  a  third  tube  was  added,  connected  with 
the  other  two  at  the  lower  end,  and  at  the  top  communicating  with 
the  54-in.  pipe  immediately  below  the  meter.  Simultaneous  readings 
of  the  three  mercury  columns  thus  served  to  determine  both  (a)  the 
instantaneous  rate  of  discharge,  and  (A)  the  corresi^onding  loss  of  head 
in  the  meter. 

In  Fig.  lb  are  shown  the  essential  features  of  these  diiference-gauges 
as  actually  constructed  and  used.  The  three  glass  tubes  communicate 
with  each  other  freely  at  the  bottom  through  suitable  connections 
•of  wrought-iron  pipe.  At  the  top  they  communicate  with  separate 
pij^es  A,  B,  G,  leading  respectively  to  the  three  sections  whose  press- 
ures are  to  be  compared.  Each  is  furnished  at  the  highest  point 
with  an  escape  cock  for  drawing  ofi"  air,  and  in  each  pipe  is  placed  a 
gate-valve. 

In  attaching  the  gauge  for  use,  the  air-valves  Fwere  at  first  left 
open,  and  the  space  in  the  tubes  above  the  mercury  completely  filled 
with  water,  the  gate-valves  in  the  connecting  pipes  being,  for  this 
piirpose,  only  slightly  opened.  These  latter  valves  were  tightly  closed 
as  soon  as  all  the  air  had  escaped  from  the  tubes  and  connecting  pipes, 
and  very  gradually  opened  again  after  the  air-valves  had  been  closed. 
No  difficulty  was  experienced  from  air  in  the  pipes  A,  B,  C.  In  two 
of  these  pipes  (^4  and  B  in  each  gauge)  the  air-valve  was  at  the  highest 
point;  in  the  third  (that  running  to  the  section  below  the  meter)  this 
was  not  the  case.  Whether  air  was  present  in  any  pipe  could  be 
tested  at  times  of  no  discharge,  since  under  static  conditions  the  three 
mercury  columns  must  stand  at  the  same  level  if  the  connecting  pipes 
were  completely  filled  with  water.  During  the  series  of  experiments 
there  were  frequent  opi^ortunities  of  api^lying  this  test,  and  air  was 
never  found  to  be  present,  even  in  the  pipe  with  the  upward  bend. 
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except  in  two  or  tlire^  instances.  These  instances  occurred  after  the 
adjacent  receiving  chamber  had  for  some  reason  been  emptied  of 
Avater;  and  it  was  always  found  easy  to  blow  off  the  air  through  the 
air-valve  V. 

The  scales  for  reading  the  heights  of  the  mercury  in  the  tubes  were 
graduated  to  hundredths  of  a  foot,  and  the  third  decimal  place  was 
estimated  in  taking  readings.  In  setting  up  the  instrument,  the  ad- 
justment was  determined  by  the  equality  of  the  readings  of  the  three 
scales  under  static  conditions. 

Programme  of  Tests. 

In  carr^'ing  out  the  experiments,  an  observer  stationed  at  each  of 
the  gauges  in  use  took  readings  at  short  intervals  during  a  certain 
time  previously  agreed  on.  The  interval  between  readings  was 
originally  intended  to  be  one  minute,  but  it  was  found  that  under 
steady  conditions  it  was  not  always  necessary  to  read  so  frequently. 

The  rate  of  discharge  was  controlled  by  the  superintendent  in 
charge  of  the  power  house.  The  aim  was  to  maintain  a  uniform  tlow 
for  a  certain  period;  then  to  change  the  rate  of  discharge  and  maintain 
a  uniform  flow  for  another  period;  then  change  again;  and  so  on  as 
long  as  desired.  In  this  way  was  obtained  a  series  of  simultaneous 
sets  of  values  of  the  three  quantities  sought,  the  rate  of  discharge  and 
the  pressures  at  two  sections  of  the  main  pipe. 

It  was  not  necessary  to  note  the  time  of  reading  with  great  pre- 
cision, so  long  as  nearly  uniform  conditions  of  discharge  and  pressure 
could  be  maintained.  A  sufficient  degree  of  uniformity  was  secured 
without  difficulty,  except  in  two  or  three  instances  to  be  mentioned  later. 

After  a  change  in  the  rate  of  discharge,  some  time  always  elajjsed 
before  a  steady  condition  was  re-established.  It  was  found  that  about 
fifteen  minutes  must  be  allowed  for  each  change.  The  first  day's 
results  were  unsatisfactory  because  sufficient  time  was  not  allowed  for 
steady  conditions  to  be  re-established  after  changes  in  the  rate  of  dis- 
charge. Dui'ing  the  period  of  adjustment  from  one  steady  condition 
to  another,  the  pressure  gauges  showed  marked  fluctuations,  the  range 
being  at  first  considerable,*  but  decreasing  and  nearly  disappearing 


*  Although  no  accurate  determination  was  made  of  the  increase  of  pressure  caused 
l)y  sudden  stoppage  or  change  of  the  rate  of  discharge,  it  is  certain  that,  even  at  the 
lower  end  of  the  line,  the  mercury  column  in  no  ease  rose  more  than  3  ft.  above  the  static 
height.  In  one  case  a  very  sudden  stoppage  occurred,  owing  to  the  blowing  out  of  a  fuse, 
but  the  above  statement  holds  even  for  this  extreme  case. 
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after  ten  or  fifteen  minutes.  The  diflferenee-gaiiges  attached  to  the 
Venturi  meters,  on  the  other  hand,  adjusted  themselves  to  changed 
conditions  much  more  quickly,  their  oscillations  at  times  of  change 
continuing  not  more  than  two  or  three  minutes.  This  showed  that 
the  rate  of  discharge  became  steady  very  quickly,  while  the  pressure 
continued  to  oscillate  for  some  time.  It  was  at  first  suggested  that 
the  observed  oscillations  of  the  manometer  columns  might  be  due  to 
the  inertia  of  the  mercury.  It  was  found,  however,  by  jjlotting  curves 
showing  the  simultaneous  readings  of  the  two  gauges  in  use  at  the 
same  time,  that  there  was  always  a  close  agreement  between  the  periods 
of  oscillation  of  the  two  columns.  This  is  shown  in  Fig.  5.  It  would 
therefore  appear  that  the  observed  oscillations  correspond  to  true 
oscillations  of  pressure  in  the  pipe.  Doubtless  these  variations  of 
pressure  are  transmitted  in  waves  throughout  the  length  of  the  laipe. 
No  diflference  of  phase  between  the  oscillations  of  pressure  at  the  two 
stations  could  be  detected." 

Because  of  conditions  existing  at  the  inlet,  the  highest  rates  of  dis- 
charge observed  were  accompanied  by  a  decrease  of  pressure  through- 
out the  i^ipe.  Under  such  circumstances  it  was  of  more  importance 
to  secure  exact  coincidence  in  the  times  of  observing  the  two  press- 
ures, since  any  uncertainty  as  to  what  observations  at  the  two  stations 
are  simultaneous  introduces  an  uncertainty  into  the  value  of  the  loss 
of  head  between  the  stations.  It  was  found  that  the  gauges  at  the  two 
stations  always  gave  practically  identical  determinations  of  the  rate 
of  decrease  of  the  pressure.  This  is  illustrated  by  the  plotted  results 
shown  in  Fig.  4. 

It  will  be  noticed  that  the  oscillations  of  pressure  at  the  begin- 
ning of  the  period  represented  by  the  curves  in  Fig.  5  show  a 
jjeriod  between  successive  maxima  or  minima  of  about  six  minutes. 
The  records  for  the  entire  series  of  experiments  show  a  period  lying 
between  five  and  six  minutes.  It  should  be  said  that  there  were  also 
minor  oscillations  of  a  period  so  short  that  no  attempt  was  made  to 
recox'd  them.  The  period  of  these  minor  oscillations  was  not  deter- 
mined, but  it  was  only  a  few  seconds. 

In  cases  of  falling  pressure  the  oscillations  recorded  at  the  two  stations 
serve  as  a  check  upon  the  coincidence  of  the  instants  of  observation. 

*The  velocity  of  propagation  of  a  pressure  wave  should,  in  fact,  be  practically  equal 
to  the  velocity  of  sound  in  water— about  4  700  ft.  per  second.  The  interval  occupied  in 
traversing  the  distance  between  the  two  manometers  would  therefore  be  less  than  one 
second,  since  the  greatest  length  of  pipe  experimented  upon  was  4  427  ft. 
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Reduction  of  Observations. 

(1)  Reduced  Height  of  Manometer  Column. — Tiie  quantity  directly 
given  by  a  manometer  reading  was  the  height  of  the  tojD  of  the  mercury 
column  above  the  zero  of  the  scale.  To  this  must  be  added  the  height 
of  the  zero  of  the  scale  above  the  surface  of  the  mercury  in  the  reser- 
voir. This  latter  quantity  need  not  be  determined  with  great  accu- 
racy, since  by  the  method  adopted  for  computing  loss  of  head  (to  be 
explained  presently)  a  constant  added  to  all  the  observed  readings 
does  not  affect  the  final  result.  Except  for  the  necessity  of  applying 
the  temperature  correction,  the  direct  readings  of  the  scale  could  be 
used  instead  of  the  total  heights  of  the  mercury  column.  For 
the  purpose  of  apjjlying  the  corrections  for  temperature,  the  height 
of  the  zero  of  the  scale  above  the  siirface  of  the  mercury  in  the 
reservoir  was  taken  as  a  constant,  its  value  being  measured  under 
conditions  of  static  pressure.  The  reduction  to  an  equivalent 
column  at  0°  Cent,  is  made  by  multiplying  the  observed  height 
of  the  column  by  the  factor  1 — 0.000  18  T;  T  being  the  temperature 
of  the  mercury  at  the  time  of  observation,  exjsressed  in  degrees 
Centigrade. 

Strictly  speaking,  a  correction  must  also  be  made  for  the  rise  of  the 
surface  of  the  mercury  in  the  reservoir.  The  interior  diameter  of  the 
reservoir  being  about  sixteen  times  that  of  the  glass  tube,  a  fall  of  the 
mercury  in  the  latter  must  be  accompanied  by  a  rise  about  -^-g  as 
gi-eat  in  the  former.  The  true  shortening  of  the  column  is  therefore 
equal  to  the  drop  of  the  column  multiplied  by  ||-|,  or  about  1.004. 
For  the  greatest  loss  of  head  measured  in  the  entire  series  of  experi- 
ments (about  3.4  ft.),  this  correction  would  amount  to  only  0.014  ft. 
(water). 

(2)  Plotting  of  Reduced  Readings. — After  each  day's  run,  the  reduced 
heights  of  the  manometer  columns  and  the  readings  of  the  Venturi 
difference-gauges  were  plotted  as  ordinates  with  time  as  abscissas.  By 
inspection  of  the  resulting  curves  it  was  possible  to  select  periods 
during  which  the  conditions  of  pressure  and  discharge  remained 
steady.  The  data  corresponding  to  each  period  were  averaged,  and 
the  resulting  average  values  of  the  manometer  heights  and  difference- 
gauge  readings  were  regarded  as  constituting  an  "observation." 
Samples  of  the  i^lotted  results  are  shown  in  Figs.  4  and  5  which  will 
be  referred  to  again. 
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(3)  Computation  of  Loss  of  Head. — Since  the  pipe  had  the  same  dia- 
meter at  the  two  pressure  stations,  the  loss  of  head  between  these 
stations  is  found  by  a  comparison  of  the  j)ressures. 

Let  suffixes  (J  and  (2)  refer  to  up-stream  and  down-stream  stations 
respectively,  and  let 

my  and  ??i,  denote  any  simultaneous  heights  of  the  mercury 

columns  ; 
M^  and  Ji^  values  of  tw,  and  m.^  under  static  jDressure  ; 
y  =   m^  —  7712  ; 

e  =  specific  gravity  of  mercury  =  13.6  ; 
H'  =  loss  of  head  between  the  two  stations  (expressed  in  height 
of  water  column). 
Then      e  (il/,  —  nii)  =  loss  of  head  in  pipe  from  inlet  to  upper  station  ; 
e  iM2 — m.,)  =         "             "             "             "          lower       " 
e  [  {M2  —  m.^)  —  [Ml  —  ?«,)  ]  =  e  (3/  —  Y)  =  loss  of  head  be- 
tween the  two  stations (1) 

That  is,  H>  ^  e  {y  —  V) (2) 

It  is  evident  that  the  value  of  H'  is  not  changed  by  any  constant 
error  affecting  all  values  of  7?ij  (including  the  static  value),  nor  by  a 
constant  error  affecting  all  values  of  w^-  This  justifies  the  statement 
above  made  that  great  accuracy  is  not  required  in  the  determination 
of  the  height  of  the  zero  of  the  manometer  scale  above  the  surface  of 
the  mercury  in  the  reservoir.  Any  constant  length  of  the  mercury 
column  could  be  disregarded,  except  for  the  necessity  of  reducing  for 
temperature. 

{4)  Computation  of  Rate  of  Discharge. — The  theory  of  the  Venturi 
meter  is  based  upon  the  assumption  that  the  velocity  of  flow  is  uni- 
form throughout  each  of  the  cross-sections  whose  pressures  are  com- 
pared. On  this  assumption,  and  neglecting  loss  of  head  between  the 
two  sections,  the  rate  of  discharge  is  given  by  the  following  formula  : 
Let  Q  denote  the  rate  of  discharge  in  cubic  feet  per  second,  com- 
puted on  the  above  assumption,  and  let  the  difference  between  the  press- 
ure-heads at  points  on  the  same  level  in  the  two  cross-sections  (called 
by  Herschel  "head  on  Venturi")  be  represented  by  H  (expressed  in 
feet  of  water  column).  Then,  if  a^  and  a^  are  the  areas  of  the  two 
cross-sections, 
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If  q  denotes  the  true  value  of  the  rate  of  discharge, 

q=-^Q (4) 

k  being  a  coefficient  whose  value  is  known  only  by  experiment. 

In  the  Ogden  meters  the  diameters  of  the  two  cross-sections  are  54 
ins.  and  25.5  ins.,  respectively.     The  formula  therefore  becomes 

q  =  3.639  kV^g  a-,- (5) 

q  being  in  cubic  feet  per  second,  i7in  feet,  g  in  foot-second  units,  and 
k  being  an  abstract  number. 

In  order  to  save  labor  in  the  application  of  the  formula  it  is  con- 
venient to  replace  iT  by  the  difference  in  height  of  the  two  mercury 
columns  of  the  difference-gauge.  If  it  denotes  this  difference  and  e  the 
specific  gravity  of  mercury, 

H={e-l)h; (6) 

since  the  difference  between  the  mercury  heights  is  in  part  balanced 
by  an  equal  and  opposite  difference  between  the  heights  of  the  water 
columns  above  the  mercury.  Taking  13.6  as  the  value  of  e,  equation 
(5)  may  be  written 

q  =  103.58  kVh. (7) 

The  values  of  k  to  be  iised  with  the  Ogden  meters  were  furnished 
to  the  writers,  at  the  request  of  Clemens  Herschel,  M.  Am.  Soc.  C.  E., 
by  the  manufacturers,  the  Builders'  Iron  Foundry,  Providence,  R.  I. 

If 

k^ 


k 


the  values  of  k^  are  given  in  the  following  table: 


(8) 


Head  on  Venturi. 
H  (feet) . 

Coefficient. 

Head  on  Venturi. 
H  (feet). 

Coefficient. 

1 

.995 

.992 

.9895 

.9875 

.986 

.985 

.9835 

.9825 

.9815 

.9805 

.9795 

.9785 

13 

.977 

2 

14 

.9765 

3 

15 

.9755 

4 

16 

.975 

17 

.974 

6 

18 

.973 

7 

19 

.9725 

8 

30 

.9715 

9 

21 

.971 

10 

22 

.9705 

11 

23 

.970 

12 
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These  values  ai-e  based  upon  experiments  made  by  Herscliel  in  1891 
with  the  48-in.  meter  of  the  East  Jersey  Water  Company;  the  ratio  of 
throat  diameter  to  main  diameter  being  the  same  for  this  meter  as  for 
the  Ogden  meters. 

The  values  of  the  throat  velocity  for  different  values  of  "head  on 
Venturi,"  corresponding  to  the  above  values  of  the  coefficient  k^,  are 
shown  in  Fig.  2.  This  diagram  is  copied  from  one  furnished  by  the 
Buildex's'  Iron  Foundry,  which  was  used  in  making  the  actual  compu- 
tations. 

The  heights  of  the  mercury  columns  of  the  difference- gauges  were 
read  to  0.001  ft.,  and  it  is  believed  that  the  probable  error  in  a  value 
of  h  does  not  exceed  0.002  ft.  The  corresponding  error  in  the  value 
of  q  varies  with  q,  being  less  as  q  is  greater.  From  the  relation  between 
q  and  h  above  given,  taking  ^  =  1  (which  is  sufficiently  correct  for  the 

present  purpose), 

5360 
dq  =^  dh (9) 

10.7 

An  error  6li^  0.002  causes  an  error  6  q  =^  ,  which  varies  from 

(1 
1.1  to  0.11  as  q  varies  from  10  cu.  ft.  per  second  to  100  cu.  ft.  per 

second.  The  smallest  values  of  q  in  the  experiments  under  considera- 
tion were  about  14  cu.  ft.  per  second ;  the  uncertainty  of  these  values, 
so  far  as  due  to  errors  in  the  observed  values  of  h,  is  probably  about  5 
per  cent.  The  observational  error  in  values  of  q  greater  than  35  cu. 
ft.  per  second  is  probably  less  than  1  per  cent. 

General  Kesults. 
In  order  to  facilitate  comparison  with  the  results  of  other  experi- 
ments, the  results  are  represented  in  three  ways: 

(1)  The  loss  of  head  per  1  000  ft.  has  been  comj^uted  from  each  ob- 
servation, and  the  relation  between  this  loss  and  the  velocity  of  floAv 
represented  graphically. 

(2)  The  values  of  c  in  the  Chezy  formula, 

V  =  cy  r  s (10) 

has  been  computed  for  each  observation,  and  the  relation  between  v 
and  c  represented  graphically. 

(3)  The  value  of/ in  the  formula  for  loss  of  head  in  a  pipe  of  diam- 
eter d  and  length  /, 
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"■=firt'j (") 

has  been  computed  for  each  observation,  and  the  relation   between  / 
and  V  represented  by  a  diagram. 

There  is  a  definite  relation  between  c  and/.     In  the  Chezy  formula 

H' 
the   value   of  s,  the  hydraulic  slope,  is  —r-  and  the  value  of  the  hy- 
draulic radius  r  is  -r-      The  above  two  formulas  are  therefore  identi- 
4. 

cal  if 

■        /=4l (12) 


Loss  of  Head  in  Venturi  Meter. 

As  already  stated,  the  difference-gauges  attached  to  the  Venturi 
meters  were  designed  to  show  the  differences  between  the  pressures  at 
three  sections:  (1)  just  befoi*e  the  contraction  of  the  stream,  the  diam- 
eter being  54  ins.;  (2)  at  the  throat,  the  diameter  being  25.5  ins.,  and 
(3)  just  below  the  expanding  stream,  the  diameter  being  54  ins.  The 
difference  between  the  pressures  at  the  first  and  third  sections  shows 
the  loss  of  head  caused  by  friction,  and  by  the  contraction  and  expan- 
sion of  the  stream  in  passing  through  the  meter.  The  relation  between 
this  loss  and  the  rate  of  flow  through  the  meter  is  represented  both 
graphically  and  in  tabular  form. 

Some  trouble  was  experienced  from  the  presence  of  dirt  at  the  top 
of  the  mercury  columns  of  the  difference-gauges.  It  fortunately 
happened  that  this  difficulty  was  conflned,  in  both  gauges,  to  the 
tube  communicating  with  the  section  below  the  meter  (the  tube 
marked  Cin  Fig.  15),  so  that  the  estimate  of  rate  of  discharge  was  not 
affected.  The  observations  for  loss  of  head  in  the  meter  were,  how- 
ever, rendered  less  accurate  than  they  would  otherwise  have  been. 
The  uncertainty  in  the  reading  of  the  mercury  column  probably  in  no 
case  exceeded  0. 004  ft. ,  but  this  was  sufficient  to  render  valueless  cer- 
tain of  the  observations  taken  with  low  velocities  of  flow.  In  spite  of 
this,  the  entire  series  of  observations  serves  to  show  jiretty  satis- 
factorily the  relation  between  loss  of  head  in  meter  and  velocity 
of  flow,  within  the  range  of  the  experiments.  The  discussion  of 
results  follows. 
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II. — EXPEKIMENTS   ON   StEEL   PiPE. 

Description  of  Pipe  Line. 
For  a  full  description  of  the  dimensions  and  construction  of  the 
riveted  steel  pipe,  reference  may  be  made  to  the  paper  previously 
cited.*  The  portion  experimented  upon  included  nearly  the  entire 
length  of  the  steel  pipe.  In  plan  this  pipe  is  straight;  the  profile 
is  shown  in  Fig.  3.  The  positions  of  vertical  curves  or  elbows  are 
also  shown  in  Fig.  3,  the  radius  of  curvature  and  total  angle  in  each 
case  being  given  in  the  following  table: 


Elbow  No. 

Station. 

Angle. 

Radius  in  feet. 

3 

283 

284  +  80 

289 

290  +  10 

293 

295  +  70 

302  4-  50 

304  +  50 

310  +  70 

315  +  81.6 

316  +  71.6 
318  +  31.6 

13°  30' 
14°  23' 
14°  8' 
14°  46' 
8°  58' 
8°  8' 
3°  20' 
4°  49' 
1°  0' 
17°  15' 
13°  39' 
7°  25' 

30 

4 

80 

5 

30 

6 

30 

30 

s:::::::::::::::::::::::::::::::: 

30 

9 

30 

10 

30 

11 

30 

13 

40 

13 

30 

14 

30 

"  The  change  of  direction  between  successive  sections  of  an  elbow 
was  limited  to  4<^  or  5°,  so  that  each  section  is  about  2h  or  3  ft.  long. 
*  *  *  The  butt  straps,  sizes  of  rivets  and  rivet  spacing  are  the 
same  as  for  straight  pipe,  "f 

Throughout  the  series  of  observations  on  the  steel  pipe  the  upper 
pressure  station  was  at  the  point  marked  B  on  the  profile.  The 
lower  station,  near  the  power  house,  was  at  A  during  observations 
1-12,  after  which  it  was  at  A'.  The  length  of  pipe  from  ^4  to  J5  is 
4  427  ft.;  from  A'  to  B,  4:  367  ft.  The  diameter  of  the  pipe  varies 
slightly  in  difi"erent  portions,  the  mean  value  being  72.22  ins.  J 

Record  of  Observations, 
(i)  Examples  of  Full  Data  Upon  Which  Tabulated  Results  Are  Based. — 
As  already  explained,  the  quantities  recorded  as  constituting  a  single 
"  observation  ''  are  in  every  case  based  upon  readings  taken  at  short 
intervals  during  a  period  of  some  length.  These  periods  were  selected 
after  plotting,  to  a  time  base,  the  values  of  the  four  quantities  ob- 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  246. 
+  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  262. 
X  Transactions,  Ara.  Soc.  C.  E.,  Vol.  xxxviii,  p.  259. 
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served,  namely,  the  heights  of  the  two  manometer  columns  (reduced 
for  temperature),  and  the  readings  of  the  two  difference-gauges  at- 
tached to  the  Venturi  meters  (at  times,  however,  only  one  meter  was 
in  use).  The  nature  of  the  actual  records  obtained  will  be  sufficiently 
indicated  by  showing  samples  of  these  plotted  results.  These  are 
given  in  Figs.  4  and  5.  Although  the  record  given  in  Fig.  5  was 
taken  during  an  experiment  on  the  wooden  pipe,  it  is  representative 
of  the  character  of  the  records  obtaiaed  in  both  sets  of  observations, 
in  all  cases  except  the  nine  observations  taken  under  conditions  of 
falling  pressure;  while  the  record  shown  in  Fig.  4  is  representative 
of  these  nine  observations.  In  these  cases  of  falling  pressure,  periods 
were  selected  during  which  the  difference-gauges  showed  the  rate  of 
discharge  to  be  nearly  uniform,  while  the  manometer  readings  showed 
a  nearly  constant  rate  of  decrease  of  the  pressure  at  each  pressure 
station.  This  rate  of  decrease  at  any  given  instant  had  practically 
the  same  value  at  the  two  stations,  and  the  difference  between  the 
heights  of  the  manometer  columns  thus  remained  constant  during  the 
time  of  an  observation.  In  case  of  observations  made  under  condi- 
tions of  decreasing  pressure,  any  discrepancy  between  the  times  of 
taking  manometer  readings  at  the  two  stations  introduces  an  error 
into  the  observed  value  of  the  difference  between  heights  of  manome- 
ter columns.  The  instants  of  reading  were  as  nearly  coincident 
as  they  could  be  made  by  comj)arison  of  watches,  and  it  is  believed 
that  the  results  are  not  affected  by  serious  error.  Assuming,  as  above, 
that  the  time  of  transmission  of  a  pressure-wave  between  the  two 
stations  is  less  than  one  second,  the  oscillations  of  pressure  furnish  a 
check  on  the  coincidence  of  the  times  of  observation. 

(2)  Tabulation  of  Reduced  Observations. — The  entire  series  of  experi- 
ments made  upon  the  steel  pipe  resulted  in  twenty-nine  "  observa- 
tions" whose  periods  were  selected  in  the  manner  above  described. 
The  dates  of  these  observations  are  shown  in  Tables  Nos.  1  and  2. 

The  date  and  period  of  each  observation  are  shown  in  columns  2 
and  3  of  Table  No.  1.  Cokimns  4  to  9  of  the  same  table  give  the  re- 
sults of  the  observations  on  the  Venturi  meters.  The  "  reading  of  dif- 
ference-gauge," given  in  columns  4  and  6  for  the  two  meters,  is  the 
difference  between  the  observed  heights  of  the  two  mercury  columns 
connected  respectively  with  the  throat  and  the  up-stream  section  of 
the  Ventviri.     The  equivalent  water  column   ("head  on  Venturi")   is 
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TABLE  No.   1. — Steel  Pipe  Discharge  Observations. 


1 

S 

3 

4: 

5 

6 

7 

8 

9 

North  Venturi 

South  Venturi 

'3  p. 

.Sfe 

Meter. 

Meter. 

c 

^ 

o| 

cS 

,■ 

1 

* 

'^o; 

^. 

^a 

a'" 

O'-' 

No. 

Date. 

Time. 

=Sgt_ 

■C  taD_ 

O  CD 

j-l 

5§ 

0.0  0 

=  11 

«3  ^  ^ 

©0.8 

-'So 

©  1^  o 

^  § 

aj  3  o 

iss 

OS  '" 

■MOD 

C3  " 

■>^  V  S) 

^ 

c8  —  K 

0) 

flS^m 

t« 

tf 

tf 

tf 

Pi 

tf 

s 

1897. 

1.... 

Aug.      4 

"         4 

6 

6 

6 

'■         7 

2.35—  2.45 
3.23—  3.31 

2.10-  3.00 
3.15-  3.40 
3.50—  4.15 
1.33—  1.56 
1.57—  2.15 
2.45—  2.53 
3.15—  3.29 

0.032 
.199 

14.5 

44.8 

14.5 

44.8 
14.5 
30.9 
30.3 
47.5 
47.5 
71.3 
73.8* 

0.510 

2.... 

1.575 

3 

0.022 
.093 
.090 

14.5 
30.9 
30.3 

0.510 

4 

1.086 

5.... 

1.065 

6.... 

.225 
.225 
.513 

.481 

47.5 
47.5 
71.2 
69.3 

1.670 

7.... 

1.670 

8.... 

2.503 

9.... 

.002 

4.6* 

3.594* 

10.... 

■'         7 

4.11—  4.23 

.181 

42.6 

.391 

63.5 

105.3 

3.701 

11.... 

5.00-  5.13 

.078 

28.2 

.141 

37.6 

65.8 

2.313 

12.... 

4.             ». 

5.15-  5.50 

.077 

28.1 

.140 

37.5 

65.6 

2.306 

13.... 

9 

1.42—  2.15 

.127 

35.8 

.296 

54.5 

90.3 

3.174 

14.... 

9 

2.36—  3.01 

.090 

30.3 

.226 

47.5 

77.8 

2.735 

15.... 

9 

3.26-  4.00 

.333 

57.8 

.221 

47.1 

104.9 

3.687 

16.... 

9 

4.12—  4.30 

.323 

57.0 

.219 

46.9 

103.9 

3.652 

17.... 

"        11 

'•        11 

11 

"        11 

8.40—  8.51 
8.55—  9.15 
9.30-10.00 
10.39-10.43 

.021 
.021 
.099 
.095 

14.1 
14.1 
31.7 
31.2 

14.1 
14.1 
31.7 
52.2 

0.496 

18.... 

0.496 

19.... 

1.114 

20.... 

.043 

21.0 

1.835 

21.... 

"        11 

11.10— 11. .31 

.086 

29.6 

.159 

40.0 

69.6 

2.447 

22.... 

11 

11.35-12.00 

.087 

29.8 

.160 

40.1 

69.9 

2.457 

23 

12 
"        12 
'•       13 

13 

9.15—  9.28 

9.29—  9.59 

8.30—  8.50 
9.13—  9.40 

.204 
.205 

45.5 
45.7 

45.5 
45.7 
16.0 
60.9 

1.599 

24. 

1.606 

25.... 

.026 
.072 

16.0 
27.2 

0.562 

26.... 

.111 

33.7 

3.141 

27.... 

13 

10.07—10.40 

.270 

51.8 

.123 

35.3 

87.1 

3.063 

28.... 

13 

11.36—11.46 

.4«1 

63.2 

.211 

46.3 

109.4 

3.846 

29.... 

13 

11.48—12.03 

.400 

63.1 

.210 

46.1 

109.2 

3.839 

*  The  rate  of  the  discharge  of  the  N.  meter  was  so  small  during  this  observation 
that  it  could  not  be  accurately  measured. 

found  by  mnltiplying  the  tabulated  number  by  12. 6  or  e  —  1,  e  being 
the  specific  gravity  of  mercury.  The  values  of  the  head  on  Venturi 
are  not  given  in  Table  No.  1,  but  will  be  found  in  Tables  Nos.  8  and  9. 
Columns  5,  7,  8  and  9  need  no  explanation.  In  computing  values  of 
the  mean  velocity  in  the  main  pipe,  the  diameter  has  been  taken  as 
72.22  ins. 

The  manometer  observations,  with  the  values  of  the  loss  of  head 
deduced  from  them,  are  recorded  in  Table  No.  2.  The  headings  of  the 
columns  explain  sufficiently  the  meanings  of  the  quantities  tabulated. 
Column  2  gives  the  length  of  the  main  pipe  between  the  points  of  at- 
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TABLE  No.  2. — Steel  Pipe. — Manometee  Obseevatioks. 


1 

fi 

3 

4 

5 

6 

7 

8 

9 

Heights  of  Manometer  Columns 

Static 
differ- 
ence of 

Loss  OF 

Head  be- 

Reduced  to  0°  Cent. 

tween  Manome- 

Loss of 

Length 

(Feet.) 

ters. 

head  per 

No. 

ofpipe. 

(Feet.) 

mercury 
columns 
reduced 
to  0' cent. 

1  000  ft. 
(in  feet 

of  water). 

Upper. 

Lower. 

Difference. 

(Feet.) 

Mercury 

(Feet.) 

Water. 

(Feet.) 

1.. 

4  427 

11.251 

38.916 

33.665 

32.668 

0.003 

0.041 

0.0092 

3.. 

4  427 

11.059 

33.686 

33.637 

23.668 

.041 

.558 

.126 

3.. 

4  427 

11.258 

33.914 

33.656 

23.668 

.012 

.163 

.0869 

4.. 

4  427 

11 .201 

33.847 

32.646 

22.668 

.032 

.299 

.0676 

5.. 

4  427 

11.204 

33.847 

33.643 

22.668 

.025 

.340 

.0768 

6.. 

4  427 

11.018 

33.661 

32.643 

22.698 

.055 

.748 

.169 

7.. 

4  427 

11.013 

33.6.59 

22.646 

22.698 

.053 

.707 

.160 

8.. 

4  427 

10.590 

38.171 

22.581 

23.698 

.117 

1.591 

.359 

9.. 

4  427 

10.559 

33.136 

22.577 

22.698 

.121 

1.646 

.372 

10.. 

4  427 

Dropping 

Dropping 

23.453 

33.698 

.245 

3.383 

.753 

11.. 

4  427 

10.720 

83.300 

33.580 

33.698 

.118 

1.605 

.363 

12.. 

4  427 

10.733 

33.316 

33.583 

22.698 

.115 

1.564 

.353 

13.. 

4  367 

10.296 

33.816 

33.530 

32.707 

.187 

3.548 

.582 

14.. 

4  367 

10.559 

33.113 

22.554 

22.707 

.153 

3.081 

.477 

15.. 

4  367 

Dropping 

Dropping 

22.473 

22.707 

.235 

8.196 

.732 

16.-. 

4  367 

" 

" 

22.473 

23.707 

.285 

3.196 

.782 

17.. 

4  367 

11.260 

33.960 

22.700 

22.707 

.007 

.095 

.0218 

18.. 

4  367 

11.263 

33.966 

33.704 

23.707 

.008 

.041 

.0098 

19.. 

4  867 

11.207 

33.896 

22.689 

32.707 

.018 

.345 

.0560 

20.. 

4  367 

11.022 

83.669 

22.647 

33.707 

.060 

.816 

.187 

21.. 

4  367 

10.754 

33.352 

23.598 

22.707 

.109 

1.483 

.340 

22.. 

4  367 

10.748 

83.342 

22.594 

22.707 

.113 

1.537 

.853 

23.. 

4  367 

11.080 

33.752 

22.673 

22.707 

.035 

.476 

.109 

24.. 

4  367 

11.086 

83.750 

32.664 

22.707 

.043 

.585 

.134 

25.. 

4  367 

11.261 

33.963 

22.702 

22.707 

.005 

.068 

.0156 

26.. 

4  367 

10.890 

33.520 

33.630 

33.707 

.077 

1.047 

.340 

27.. 

4  367 

10.375 

32.933 

32.548 

32.707 

.159 

3.162 

.495 

28.. 

4  367 

Dropping 

Dropping 

23.458 

22.707 

.249 

3.886 

.776 

29.. 

4  367 

33.460 

22.707 

.347 

3.359 

.769 

tachment  of  the  two  manometers.  The  point  of  attachment  of  the 
tipper  manometer  remained  unchanged  during  the  experiments  ;  that 
of  the  lower  was  changed  after  observation  No.  12.*  Column  6 
gives  the  diflference  between  the  heights  of  the  two  manometer 
columns  under  static  conditions.  The  observed  value  of  this  differ- 
ence changed  because  the  quantity  of  mercury  in  the  lower  manom- 
eter changed,  for  reasons  to  be  considered  presently.  The  numbers 
in  column  7  are  obtained  from  those  in  columns  5  and  6  by  subtrac- 
tion. The  values  in  column  7  are  reduced  to  equivalent  water  heights 
(column  8)  by  multiplying  by  13.6  ;  and  the  loss  of  head  per  thousand 
feet  (column  9)  is  found  from  total  loss  of  head  (column  8)  and  length 
of  pipe  (column  2).  

*  The  reason  for  this  change  was  a  suggestion  that  the  point  of  attachment  was  at 
first  too  near  the  fork  in  the  main  pipe.  The  results,  however,  show  no  evidence  of  vitia- 
tion from  this  cause. 
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TABLE  No.  3. — Steel  Pipe.     General  Results. 


1 

a 

3 

4 

5 

No. 

Mean  velocity 

in  main  pipe. 

Feet  per 

second. 

Loss  of  heart 
per  1  000  feet. 

(Feet.) 

Value  of 

c 
in  formula 

Value  of 

in  formula 
j:*    I     v' 

17 

.496 
.496 
.510 
.510 
.562 
1.065 
1.086 
1.114 
1.575 
1.599 
1.606 
1.670 
1.670 
1.835 
2.141 
2.306 
2.313 
2.447 
2.457 
2.503 
2.594 
2.735 
3.062 
3.174 
3.652 
3.687 
3.701 
3.839 
3.846 

0.0218 
.0093 
.0093 
.0369 
.0156 
.0768 
.0676 
.0560 
.126 
.109 
.134 
.169 
.160 
.187 
.240 
.353 
.363 
.340 
.352 
.359 
.372 

!495 
.582 
.732 
.732 
.753 
.769 
.776 

87 
132 
137 

68 
116 

99 
108 
121 
114 
125 
113 
105 
108 
109 
113 
100 

99 
108 
107 
108 
110 
102 
112 
107 
110 
111 
110 
113 
113 

0.0343 

18 

.0147 

1 

.0137 

3 

25 

.0549 
.0191 

5 

.0262 

4 

.0222 

19 

.0174 

2 

.0197 

23 

.0165 

24 

.0201 

6 

.0235 

.0222 

20 

.0215 

26 

.0202 

12 

.0257 

11 

.0262 

21 

.0219 

22 

.0226 

8 

.0222 

9 

.0214 

14 

.0246 

27 

.0204 

13 

.0224 

16 

.0312 

15 

.0208 

10 

.0213 

29 

.0202 

28 

.0303 

(3)  General  Results.  — In.  Table  No.  3  are  showii  three  sets  of  results, 
arranged  for  convenient  comjiarison  with  other  recorded  experiments 
and  accepted  results.  The  observations  are  arranged  according  to 
values  of  v,  the  mean  velocity  of  flow  (column  2),  and  in  columns  3,  4 
and  5  are  given  the  values  of  the  three  quantities  most  commonly 
used  in  estimating  the  carrying  capacity  of  pipes.  The  quantities 
given  in  this  table  are  also  represented  grajDhically  in  Figs.  6,  7  and  8. 

Fig.  6  shows  the  loss  of  head  per  thousand  feet  as  a  function  of  the 
mean  velocity  of  flow.  The  curve  expressing  this  relation  would  be  a 
parabola  with  vertex  at  the  origin,  and  principal  axis  parallel  to  the 
ordinates  representing  loss  of  head,  if  c  and /were  constants. 

In  Fig.  7  each  observation  is  represented  by  a  ijoint  whose  abscissa 
is  V,  and  whose  ordinate  is  the  value  of  c  in  the  Ohezy  formula,  t?  =  c 
^rsl  In  like  manner  Fig.  8  shows,  for  each  observation,  the  value  of 
V  and  that  of/,  the  coefficient  in  the  formula  for  loss  of  head, 

(11) 


I  v^ 
d   ^g 
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From  an  inspection  of  Figs.  6,  7  and  8  it  is  evident  that  the  obser- 
vations do  not  clearly  disclose  any  law  of  variation  of  the  coefficients 
c  and/ with  the  velocity  of  flow.  The  curves  which  appear  to  best 
represent  the  distribution  of  the  plotted  points  are  A  B  (Fig.  7)  and 
A'B'  (Fig.  8).  [It  is  to  be  noticed  that  the  value  of/  from  observation 
No.  3  (0.0549)  is  so  great  as  to  throw  the  point  beyond  the  limit  of 
Fig.  8.]  These  curves  show,  between  v  =  1.5,  and  v  =  2.5,  a  slight 
decrease  in  c  and  increase  in/;  and  from  r  =  2.5  to  ?•  =  4.0,  a  slight 
increase  in  c  and  decrease  in  /.  Such  a  law  of  variation  cannot,  how- 
ever, be  regarded  as  well  established  by  the  results  shown. 

It  is  apparent  that,  for  values  of  v  less  than  4  ft.  per  second,  the 
values  of  c  and/ do  not  greatly  vary  with  the  velocity.  The  average 
of  all  the  values  of  c  given  in  Table  No.  3  is  109.1  ;  omitting  cases  in 
which  V  is  less  than  1  ft.  per  second,  the  average  is  109.4.  The  corre- 
sponding values  of/ are  0.0216  and  0.0215. 

In  addition  to  the  above  quantities,  it  may  be  well  to  record  the 
values  of  n,  the  coefficient  of  roughness  in  Kutter's  formula.  The 
above  mean  value  of  c  gives  for  n  values  ranging  from  about  0.013  to 
0.015,  the  smaller  values  corresponding  to  low  velocities  of  flow  and 
the  larger  to  the  higher  velocities. 

Degkee  of  ReiiIability  of  Results. 

The  reliability  of  the  measurement  of  rate  of  discharge  has  already 
been  discussed. 

In  the  determination  of  loss  of  head  in  the  steel  pipe  a  difficulty 
was  met  which  somewhat  impaired  the  reliability  of  the  results.  This 
was  the  difficulty  of  making  the  manometer  reservoir  and  the  pipe 
containing  the  mercury  column  perfectly  tight  under  the  high  pressure 
existing  at  the  lower  manometer  station.  After  the  experimenting 
had  continued  for  several  days,  it  was  found  that  there  had  been  a 
leakage  of  mercury  sufficient  to  appreciably  affect  the  manometer 
readings.  As  the  fluctuations  of  the  surface  of  the  mercury  in  the 
reservoir  could  not  be  accurately  measured,  the  changes  in  the  quan- 
tity of  mercury  in  the  manometer  introduced  errors  into  the  obser\'ed 
values  of  J/  (the  difference  between  heights  of  mercury  cohimns).  It 
has  already  been  jjointed  out  that  a  constant  error  in  these  values  is 
of  no  consequence;  but  the  leakage  of  mercury  introduced  a  variable 
error  of  uncertain  amount.     Had  the  difficulty  been  foreseen,  means 
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would  have  been  provided  for  reading  accurately  the  position  of  the 
mercury  surface  in  the  reservoir. 

A  careful  study  of  the  results  made  it  evident  that  the  leakage  was 
very  slow,  the  only  case  in  which  a  marked  change  in  the  static  read- 
ings was  noticed  being  after  the  manometer  had  remained  under 
pressure  over  night.  During  the  latter  portion  of  the  series  of  experi- 
ments, the  leakage  apjsarently  decreased  so  much  as  to  be  of  little 
importance. 

Had  it  been  possible  to  secure  reliable  readings  of  the  heights  of 
the  manometer  columns,  under  static  conditions  on  each  day  on  which 
observations  were  made,  the  effect  of  leakage  could  have  been  esti- 
mated and  the  errors  due  to  it  eliminated.  This  was  not  always  pos- 
sible, but  a  sufficient  number  of  static  readings  was  obtained  so  that  a 
fair  estimate  could  be  made  of  the  values  of  "  static  diflfereuce  of  mer- 
cury columns  "  to  be  used  with  the  different  observations.  These 
values,  as  nearly  as  could  be  estimated,  are  given  in  column  6  of  Table 
No.  2.  The  value  of  the  "  static  diff'erence  "  shows  an  increase  at  ob- 
servation No.  6,  and  again  at  No.  13.  This  was  due  to  the  addition  of 
mercury  to  the  lower  manometer. 

It  is  believed  that  the  greater  part  of  the  irregularity  observed  in 
the  values  of  loss  of  head  per  thousand  feet,  and  in  the  values  of  cand 
f,  is  due  to  the  leakage  of  mercury  from  the  lower  manometer.  A 
further  possible  cause  of  error,  especially  in  the  earlier  observations, 
may  have  been  the  presence  of  air  in  the  pipes  leading  from  the  main 
pipe  to  the  manometers.  In  the  case  of  the  lower  manometer,  the  con- 
necting pipe  was  necessarily  of  considerable  length,  since  the  only 
practicable  location  for  the  manometer  was  in  the  jjower-house,  and 
careful  manipulation  was  needed  to  keep  so  long  a  pipe  wholly  free 
from  air.  This  was  probably  accomplished  more  successfully  during 
the  later  observations  than  during  the  earlier  ones. 

The  possible  errors  due  to  changes  of  temperature  of  the  mercury 
columns,  and  the  method  of  correcting  for  such  changes,  have  already 
been  discussed.  As  a  further  possible  source  of  error,  changes  of 
temperature  of  the  water  in  the  main  pipe  may  be  mentioned.  It  was 
not  practicable  to  observe  the  temperature  of  the  water  within  the 
pipe  during  the  time  of  experimenting.  The  best  that  could  be  done 
was  to  take  the  temperature  of  the  water  in  the  waste  flume  below  the 
power-house.     No  complete  series  of  temperature  observations  was 
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taken,  but  frequent  observations,  taken  during  the  time  from  August 
4th  to  August  11th,  showed  a  variation  of  about  2°  Cent.,  the  range 
being  from  16  to  18  degrees.  The  coefficient  of  expansion  of  water  at 
this  temperature  is  about  0.000174,  nearly  as  great  as  that  of  mercury. 
A  variation  of  the  temperature  of  the  water  from  16°  to  18°  Cent, 
would  change  the  value  of  the  difference  of  pressure  at  the  two  ma- 
nometer stations  by  about  0.1  ft.  of  water,  and  would  appreciably 
affect  the  manometer  readings,  though  its  importance  would  not  be 
great,  except  for  small  values  of  the  loss  of  head  measured. 

Although  the  plotted  results  (Figs.  6,  7  and  8)  indicate  the  pres- 
ence of  errors  sufficiently  large  to  be  of  importance  in  comparison 
with  the  quantities  measured,  yet  it  will  be  seen  that  the  absolute 
values  of  the  errors  affecting  the  pressure  measurements  are  not  great. 
It  was  thought  that  the  method  adopted  for  measuring  loss  of  head 
should  give  results  reliable  to  within  0.1  ft.  in  absolute  value,  and  it 
is  believed  that,  even  with  the  difficulties  mentioned,  the  results  actu- 
ally reached  possess  a  degree  of  reliability  as  high  as  the  standard  set. 
Thus,  the  greatest  discrepancy  in  the  whole  series  is  shown  by  obser- 
vations Nos.  1  and  3.  The  mean  velocity  has  the  same  value  in 
the  two  cases,  while  No.  1  gives  the  least  and  No.  3  the  greatest  of  all 
the  values  found  for  the  coefficient  c.  The  values  of  the  total  loss  of 
head  differ  by  only  0.122  ft.  (column  8,  Table  No.  2),  and  the  actual 
error  in  each  value  is  doubtless  within  the  0.1  ft.  mentioned  as  the 
standard  of  accuracy  expected. 

It  may  be  noted  further,  that,  if  the  value  of  c  is  regarded  as  con- 
stant, and  its  value  obtained  by  averaging  all  the  values  found, 
excluding  cases  in  which  v  is  less  than  1  ft.  per  second,  the  probable 
error  of  this  mean  value  is  about  0. 9. 

Comparison  of    Known  Data   Eegarding  the   Discharge    of    Riveted 

Pipes. 

So  far  as  known  to  the  authors,  no  previous  experiments  upon  the 
discharge  of  new  riveted  pipes  of  diameter  as  great  as  6  ft.  have  been 
made.  Experiments  upon  riveted  piiies  of  smaller  sizes  have  been  too 
few  to  furnish  a  basis  for  establishing  the  law  of  variation  of  the  coeffi- 
cient c  with  the  velocity,  diameter  and  other  conditions.  The  resistance 
to  flow  offered  by  the  pipe  doubtless  depends  upon  various  elements — 
thickness  of  plates,  length  of  sections,  frequency  of  rivets  and  size  of 
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TABLE  No.  4. — Experiments  on  Ktveted  Pipes, 


No. 

1 

» 

3 

4 

5 

6 

7 

8 

9 

10 

11 

la 

Age. 

5 
yrs. 

New. 

5 
yrs. 

5 

yrs. 

New. 

1 

yr. 

14 

yrs. 

14 
yrs. 

5 
yrs. 

New. 

New. 

14 
yrs. 

Diam.  (ins.)... 

11 

11.25 

13 

15 

16 

17 

24 

24 

26         33 

35 

36 

Vel. 

Coefficient  c. 

0  5 

1  0 

1 

1.3 

101.3 

1  48      

80.3 

15 

2.0 

2.44 

2.5 

2.78 

114.0 

3.0 

3.23 

3.27 

3.32 

75.8 

78.5 

3.5 

3.52 

126.8 

3.87 

121.6 

3.90 

1 

3.96 

123.2 

4.0 

4.38 

111.6 

4.5 

4.58 

112.3 

4.60 

109.4 

4.71 

107.1 

4.90 

122.5 

4.93 

5.0 

5.5 

6.0 

6.09 

110.6 

6.67 

126.5 

6.84 

117.8 

6.93 

111.5 

6.96 

113.4 

7.31 

119.1 

8.46 

119.0 

8.65 

113.0 

8.66 

113.4 

8.85 

128.1 

10.02 

115.5 

10.52 

129.9 

10.59 

121.6 

10.71 

114.4 

12.09 

121.3 

12.60 

134.1 

20.14 

131.1 

n 

.oir 

.OIC 

.011 

1     .011 

.011 

.010 

.017 

.016 

.010 

.011 

.011 

.01 

MARX,  WING    AND    HOSKINS    ON    FLOW    OF    WATER.  501 

WITH   DiAMETEES   RANGING  FKOM  11    InS.  TO  103  InS. 


No. 

13 

13a. 

14: 

15 

16 

IT 

18 

19 

19a 

19  b 

ao 

»1 

aa 

Age. 

New. 

4 
yrs. 

New. 

New. 

New. 

New. 

New. 

New. 

4 
yrs. 

4 
yrs. 

New. 

New. 

5 

yi-s. 

Diam.(ins.) 

36 

36 

38 

38 

42 

42 

42 

48 

48 

48 

48 

72 

108 

Vel. 

Coefflcient 

c. 

0  5     ..        1 

110 

126.5 

1  0                 86.0 

96.0 

101.0 

101.2 

78.0 

97.2 

97.1 

110 

116.6 

13. 

1.48 

1.5 

90.6 

103.0 

102.8 

105.4 

84.6 

100.8 

98.7 

111 

112.7 

3.0 

95.2 

107.9 

104.3 

108.8 

89.6    103.3 

100.3 

110 

110.3 

2  44 

115.9 

2.5 99.4 

iii.6 

105.5 

111.2 

92.4 

104.9 

101.6 

108 

108.8 

2  78. 

3.0 103.3 

112.6 

106.4 

112.8 

93.0 

105.3 

102.2 

108 

107.7 

3.23             1 

114.0 
116.6 

3.27...          

3.32 

3.5 107.0 

113.0 

107.2 

113.4 

93.2 

104.8 

103.6 

110 

106.9 

3  52 

3.87  .. 

3  90 

109.3 

3.96 

4.0 

110.6 

112.8 

107.8 

113.2 

94.0 

104.0 

104.2 

111 

106.2 

4  38 

4.5 

114.0 

111.8 

108.2 

112.4 

94.2 

103.7 

104.7 

105.6 

4.58. 

4.60 

4  71 

::::::  .::;.. 

4  90 

4.93... 

106.3 

5.0...   . 

117.2 
120.4 

110.8 
110.2 

108.4 
108.5 

112.0  1  94.4 

103.7 
103.7 

105.1 
105.2 

5.5 

111.7 

94.7 

6  0        .     . 

123.6 

110.0 

108.5 

111.6 

94.9 

103.7 

105.2 

6  09 

6.67 



6  84 



6  93 

6  96  .   .   .. 

1 

7  31 

8.46 

8.65 

8.66  . 

8.85 

10.02 

10.52  .... 

10.59 

10  71 

12.09 

12.60 

20.14 

... 

n 

.014 

.013 

.013 

.013 

.013 

.013 

.013 

.013 

.016 

.014 

.014 

.014 

.015 
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rivet-heads,  nature  of  interior  coating,  and  the  number,  frequency 
and  sharpness  of  bends  or  elbows.  These  various  conditions  difier  so 
much  in  the  pipes  hitherto  experimented  upon  that  hardly  any  two 
sets  of  results  are  directly  comparable.  The  available  data,  so  far  as 
known  to  the  authors,  for  pipes  not  less  than  11  ins.  in  diameter,  are 
shown  in  Table  No.  4.  The  values  of  c  are  arranged  according  to 
values  of  the  diameter,  and  also  of  the  mean  velocity  of  flow.  At  the 
bottom  of  each  vertical  column  is  given  the  value  of  n,  the  Kutter 
coefficient  of  roughness,  as  computed  from  the  corresponding  series 
of  experiments.  These  values  have  not  been  computed  with  great 
precision,  being  taken  from  Kutter's  diagram;  and  in  case  of  experi- 
ments covering  a  considerable  range  of  velocities,  the  recorded  value 
of  n  is  intermediate  between  the  extreme  values  given  by  the  exiieri- 
ments.  Additional  particulars  regarding  the  different  series  of  ex- 
periments from  which  the  tabular  results  are  deduced  will  now  be  given. 

1,  3  and  4.  Experiments  by  Hamilton  Smith,  M.  Am.  Soc.  0.  E.,  at 
North  Bloomfleld,  Cal.,  in  October,  1876.  Pipes  of  sheet  iron,  single 
riveted,  made  in  lengths  of  about  20  ft.,  "stove-pipe"  or  taper  joints. 
Coated  by  immersion  in  boiling  asphaltum  and  coal  tar.  In  use  5  years, 
but  interior  surfaces  worn  smooth.  Length  in  every  case  about  700  ft. 
Discharge  measured  by  weirs.  Loss  of  head  by  leveling  between  sur- 
face of  supply  reservoir  and  outflowing  stream,  correcting  for  velocity 
head.     Smith's  "Hydraulics,"  p.  302. 

2.  Experiments  by  Darcy,  1849-51.  New  sheet-iron  pipe,  coated 
with  bitumen;  screw  joints;  length,  365.5  ft.  Discharge  determined 
by  measurement  in  tanks;  loss  of  head  (probably)  either  by  water 
piezometers  or  mercury  gauges.  The  tabulated  results,  in  English 
units,  are  taken  from  Smith's  "  Hydraulics,"  p.  226. 

5.  Experiment  by  Arthur  L.  Adams,  M.  Am.  Soc.  C.  E. ,  on  conduit 
of  Astoria,  Ore.,  "Water- Works.  Steel  pipe,  cylinder  joints;  16  ins. 
is  diameter  of  small  sections;  asphalt  coating.  Discharge  measured 
by  rise  of  reservoir  surface  in  test  of  18  hours ;  loss  of  head  by  open 
stand-pipes.  The  measurement  of  loss  of  head  for  steel  pipe  was  in- 
direct; the  total  loss  in  the  combined  lengths  of  19  130  ft.  of  stave 
pipe  and  16  416  ft.  of  steel  pipe  was  measured,  and  at  the  same  time 
the  loss  in  4  188  ft.  of  stave  pipe  alone.  Trans.  Am.  Soc.  C.  E.,  Vol. 
xxxvi,  p.  21. 

6.  Experiment  by  Hamilton  Smith  at  Texas  Creek,  Cal.  Pipe  of 
sheet  iron,  made  in  lengths  of  20  ft. ;  heavy  coating  of  asphaltiim  and 
coal  tar.  Length,  4  439  ft.  Discharge  measured  by  weir,  5.5  ft.  long; 
loss  of  head  by  leveling  between  surfaces  of  supply  and  discharge 
tanks.     Smith's  "  Hydraulics,"  p.  311. 
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7.  Experiment  by  George  W.  Rafter,  M.  Am.  Soc.  C.  E.,  on  old 
conduit  of  Rochester,  N.  Y. ,  Water  Works,  July  and  August,  1890. 
Cylinder  joints.  Length  of  experimental  section,  1  901  ft.  Discharge 
determined  by  rise  of  reservoir  surface;  loss  of  head  by  water  piezom- 
eters. Trans.  Am.  Soc.  G.  E.,  Vol.  xxvi,  p.  20. 

The  tabulated  results  are  based  upon  a  discharge  of  6  742  000  galls, 
l^er  day.  Four  gaugings  of  this  conduit,  made  when  it  was  new  (in 
1876),  gave  as  an  average  8  704  000  galls,  per  day.*  Assuming  equal 
ratio  of  decrease  of  capacity  to  have  taken  place  in  all  parts  of  the 
conduit,  the  original  gaugings  would  give  about  97  as  the  value  of  c 
(for  V  =  4.25)  when  the  pipe  was  new. 

8.  Same  experiment  as  No.  7,  but  a  different  portion  of  the  conduit. 
Length,  10  541  ft.     Loss  of  head  measured  by  Bourdon  gauges. 

9.  Experiment  by  Hamilton  Smith  on  '  Humbug  "  pipe  of  North 
Bloomfield  (Cal.)  Mining  ComjDany.  Pipe  of  sheet  iron,  coated  with 
asphaltum  and  coal  tar.  Laid  in  1868;  experiment  made  in  1873,  the 
surface  being  then  quite  smooth.  Measurement  of  discharge  not  re- 
garded as  very  exact.  Loss  of  head  measured  by  leveling  between 
surfaces  of  supply  and  discharge  reservoirs.  Length,  1  194  ft. 
Smith's  "Hydraulics,"  p.  309. 

10.  Experiment  by  Isaac  W.  Smith,  M.  Am.  Soc.  C.  E. ,  on  conduit 
of  Portland  (Ore.)  Water- Works.  Cylinder  joints;  asphalt  coating. 
Observations  made  on  February  27th,  1896.  Discharge  (probably) 
measured  by  weir;  loss  of  head  by  water  piezometers.  Length,  34  176 
ft.      Trans.  Am.  Soc.  C.  E.,  Vol.  xxvi,  p.  203. 

11.  Same  experiment  as  No.  10;  another  portion  of  conduit. 
Length,  39  809  ft. 

12.  Same  experiment  as  Nos.  7  and  8;  another  portion  of  conduit. 
Loss  of  head  measured  by  water  piezometers.     Length,  50  819  ft. 

The  mean  of  the  above-mentioned  four  measurements  made  in 
1876  would  give,  for  this  section  of  pipe,  a  value  of  c  of  about  103  for 
©  =  1.9;  assuming  equal  ratio  of  decrease  of  capacity  for  all  parts  of 
the  conduit. 

13.  Experiments  by  Clemens  Herschel,  M.  Am.  Soc.  C.  E.,  on  con- 
duit of  the  East  Jersey  Water  Company,  from  Belleville  to  South 
Orange  Avenue,  1892.  Cylinder  joints,  asphalt  coating.  Discharge 
measured  by  "imperfect  weir;"  loss  of  head  by  Bourdon  gauges. 
Length,  25  000  ft.  Herschel,  "  115  Experiments  on  the  Carrying 
Capacity  of  Large,  Riveted,  Metal  Conduits,"  pp.  28,  52. 

13a.  Same  conduit  as  No.  13;  experiment  by  Herschel  in  1896. 
Discharge  measured  by  Venturi  meter;  loss  of  head  by  Bourdon 
gauges.     Length,  24  720  ft.     "  115  Experiments,"  pp.  28,  52. 

14.  Experiments  by  Emil  Kuichling,  M.  Am.  Soc.  C.  E. ,  on  new 
conduit  of  Rochester  Water- Works  between  Hemlock  Lake  and  Rush 

*  "  Annual  Reports  Executive  Board,  Rochester,  N.  Y."  1894-95,  p.  169. 
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Reservoir,  October  and  December,  1895.  Cylinder  joints,  inner  sec- 
tions 38  ins.  in  diameter;  part  coated  with  asphalt,  part  with  Sabin's 
japan.  Length,  91  641  ft.  Discharge  measured  by  rise  of  reservoir 
surface;  loss  of  head  by  reading  mercury  gauge  at  lower  end  and  ob- 
serving level  of  water  in  feeding  chamber  at  upper  end.  ' '  Annual 
Reports  Executive  Board,  Rochester,  N.  Y.,"  1894-95,  p.  344. 

A  portion  of  this  conduit  (from  West  Bloomfieldto  Rush  Reservoir, 
34  468  ft.)  was  tested  again  in  June  and  October,  1896,  giving  c  =  90.04 
as  mean  of  22  observations.  Methods  of  measurement  and  range  of 
velocities  not  stated;  "  total  fall  in  hydraiilic  grade  line"  ranged  from 
1.08  ft.  to  6.95  ft.  "  Ann.  Rep.  Exec.  Board,  Rochester,  N.  Y.,"  1896, 
p.  45. 

15.  Experiments  by  Emil  Kuichling  on  new  Rochester  conduit 
between  Rush  Reservoir  and  Mt.  Hope  Reservoir,  October  and  No- 
vember, 1895.  Construction  same  as  No.  14;  coated  with  Sabin's 
japan.  The  tabulated  results  are  the  mean  of  three  gaugings  agree- 
ing closely  among  themselves.  "Ann.  Rep.  Exec.  Board,  Rochester, 
N.  Y.,"  1894-95,  p.  349. 

16.  Same  experiment  as  Nos.  10  and  11;  another  portion  of  conduit; 
construction  the  same.     Length,  50  965  feet. 

17.  Experiments  by  Clemens  Herschel  on  Kearney  Extension  of 
East  Jersey  Water  Company.  Taj^er  joints,  coating  "unusually 
smooth."  Conduit  put  in  use  January  10th,  1896;  experiments  made 
January  21st-30th,  1896  (except  one  November  18th,  1896).  Length, 
5  574  ft.  Greatest  velocity  recorded,  4.26.  Discharge  measured  by 
Venturi  meter:  loss  of  head  by  Bourdon  gauges.  "  115  Experiments," 
pp.  28,  53. 

18.  Experiments  by  Clemens  Herschel  on  conduit  No.  2  of  East 
Jersey  Water  Company,  below  Pompton  Notch.  Conduit  put  in  use 
September  30th,  1896;  experiments  made  in  September  and  October, 
1896.  Length  from  49  833  to  81  139  ft.  Highest  recorded  velocity, 
5.41.  Discharge  measTired  by  Venturi  meter;  loss  of  head  by  Bour- 
don gauges.      "  115  Experiments,"  pp.  29,  53. 

19.  Experiments  by  Clemens  Herschel  on  Conduit  No.  1  of  East 
Jersey  Water  Company,  1892.  Observations  made  on  various  portions 
of  whole  line,  lengths  ranging  from  24  630  to  74  396  ft.  Cylinder 
joints,  asphalt  coating.  Discharge  measured  by  Venturi  meter;  loss 
of  head  by  Bourdon  gauges.      "  115  Experiments,"  pp.  26,  27,  52. 

19a.  Experiments  by  Clemens  Herschel  in  1896.  Same  conduit 
as  No.  19,  but  experiments  limited  to  section  above  Pompton 
Notch.  Length  ranging  from  10  507  to  24  630  ft.  Highest  recorded 
velocity,  4.63.  Discharge  and  loss  of  head  measured  as  in  No.  19. 
"  115  Exi3eriments,"  pp.  27,  52. 

196.  Experiments  by  Clemens  Herschel  in  1896.  Same  conduit  as 
No.   19,   but  experiments  limited  to  portion    below  Pompton  Notch. 
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Length  ranging  from  26  610  to  83  000  ft.     Highest  velocity  recorded, 
6.06.     "  11.5  Experiments,"  pp.  27,  52. 

20.  ExiJeriments  by  Clemens  Herschel  in  1896  on  Conduit  No.  2  of 
East  Jersey  Water  Comjaany,  above  Pompton  Notch.  Taper  joints; 
length,  24  648  ft.  Velocity  ranged  from  2.99  to  4.69.  Discharge 
measured  by  Venturi  meter;  loss  of  head  by  Bourdon  gauges.  "  115 
Experiments,"  pp.  28,  53. 

21.  Experiments  on  conduit  of  the  Pioneer  Electric  Power  Company, 
Ogden,  Utah,  August,  1897.  Butt  joint,  asphalt  coating.  Length,  4  367 
ft.  and  4  427  ft.  Velocity  ranged  from  0.50  to  3.85.  Discharge  measured 
by  Venturi  meters ;  loss  of  head  by  mercury  gauges. 

22.  Experiments  by  Clemens  Herschel  in  1887,  on  feeding  trunk  of 
Holyoke  testing  flume.  Diameter  nominally  9  ft. ;  actual  diameter  of 
mean  section,  8.58  ft.  Cylinder  joints;  paint  coating  worn  off;  rather 
rusty.  Length,  152  88  ft.  Discharge  measured  by  "  accurate  weir  " ; 
loss  of  head  by  water  piezometers  (surfaces  of  water  in  still  boxes 
determined  by  hook  gauges).  Trana.  Am.  Soc.  C.  E.,  pp.  246,  247. 
"  115  Experiments,"  pp.  29,  54. 

It  will  be  noticed  that  in  the  case  of  the  authors'  results  (column  21, 
Table  No.  4),  the  values  of  c  are  given  only  to  the  nearest  unit,  while  in 
every  other  case  the  first  decimal  figure  is  given.  It  is  not  to  be  in- 
ferred from  this  that  these  results  are  regarded  as  less  precise  in 
character  than  the  others.  In  the  opinion  of  the  authors  no  experi- 
ments have  been  made  of  such  a  chai-acter  as  to  warrant  the  use  of 
more  than  three  significant  figures  in  the  values  of  c.  In  certain  cases 
experimenters  have  recorded  values  of  c  to  the  sixth  significant  figure. 
Such  an  appearance  of  precision  would  be  warranted  if  the  results  were 
reliable  to  within  one-thousandth  of  1  per  cent. 

Very  little  in  the  way  of  general  conclusions  as  to  the  carrying 
capacity  of  large  riveted  conduits  can  be  deduced  from  the  data  above 
recorded.  It  is  evident  that  the  capacity  of  such  conduits  is  less  than 
was  formerly  supposed.  The  experiments  of  Hamilton  Smith  on  pipes 
of  the  smaller  sizes  (Nos.  1,  3,  4,  6  and  9,  Table  No.  4)  had  been  sup- 
posed to  warrant  the  conclusion  that  riveted  pipes  had  nearly  or  quite 
as  great  carrying  capacity  as  smooth  cast-iron  pipes.  For  such  pipes 
it  has  been  supposed  that  the  value  of  c  increases  with  the  velocity  and 
also  with  the  diameter;  the  table  and  curves  given  by  Hamilton  Smith* 

♦"Hydraulics,"  p.  371  and  PI.  XIV.  From  an  inspection  of  PI.  XIV.  it  appears 
that  the  curves  showing  the  relation  between  c  and  v  for  diameters  greater  than  1  ft.  are 
based  on  very  meager  data,  and  that  the  curves  as  drawn  do  not  conform  to  the  few  ex- 
perimental points  recorded.  It  seems  to  be  arbitrarily  assumed  that  the  law  of  variation 
of  c  for  large  diameters  must  show  a  general  agreement  with  the  law  determined  by 
experiment  for  small  diameters. 
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being  regarded  as  safe  guides  in  the  selection  of  coefficients.  The  re- 
sults recorded  in  Table  No.  4  under  numbers  13  to  22  indicate  that  for 
large  riveted  pipes  Smith's  values  are  much  too  great.  It  is  also  to  be 
noticed  that  these  results  show  little  or  no  variation  of  c  with  the 
diameter,  and  no  decided  variation  with  the  velocity.  It  would 
apjiear  that,  for  conduits  of  36  ins.  diameter  or  over,  it  is  unsafe 
to  count  on  a  value  of  c  greater  than  110  for  new  pipes;  if  there  are 
frequent  or  sharp  bends  the  coefficient  will  doubtless  be  still  less. 
Moreover,  in  case  of  long  conduits  under  ordinary  conditions  of  use,  it 
is  to  be  exjaected  that  the  capacity  will  su£fer  considerable  diminution 
with  age. 

It  should  be  said  that  at  the  time  the  Ogden  conduit  was  de- 
signed, the  views  of  the  engineering  profession  as  to  the  carrying 
capacity  of  large  riveted  conduits  fully  warranted  the  use  of  a  co- 
efficient of  120.  The  construction  of  the  conduit  was  such  that  its 
"smoothness"  would  certainly  appear  to  compare  favorably  with 
any  previously  made.  The  butt  joints  give  an  interior  surface  with- 
out breaks,  there  being  no  interior  butt  straps  at  the  round  joints, 
while  the  longitudinal  straps  are  continuous  throughout  the  length  of 
the  conduit.  As  regards  smoothness,  this  construction  would  appear 
to  have  a  distinct  advantage  over  either  "  cylinder  "  or  "  taper"  joints. 

A  remark  may  be  made  regarding  the  applicability  of  Kutter's 
formula.  From  Table  No.  4  it  appears  that,  for  diameters  less  than 
36  ins. ,  and  for  pipe  which  is  either  new  or  in  such  condition  as  to  be 
probably  as  smooth  as  when  new,  the  value  of  n  shows  little  variation 
in  the  different  experiments,  being  0.010  or  0.011  in  every  case.  For 
larger  sizes  there  is  an  increase  of  n  with  the  diameter.  This  does  not 
appear  to  be  accounted  for  by  a  greater  roughness  of  the  larger  pipes 
experimented  on,  but  is  rather  to  be  attributed  to  the  imperfection 
of  the  Kutter  formula.  It  is  further  true  that  experiments  on  the 
same  pipe  with  different  velocities  (and  consequently  different  values 
of  the  slope  .s)  give  different  values  of  n. 

III. — Experiments  on  Wooden  Pipe. 

Description  of  Pipe  Line. 

The  plan,  profile,  dimensions  and  construction  of  the  entire  pipe 

line  may  be  found  in  the  paper,  already  referred  to.*     The  plan  and 

*  Transactions^  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  2-16. 
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profile  of  the  ijortion  of  the  wooden  pipe  upon  which  the  experi- 
ments were  made  are  shown  in  Fig.  9,  G  being  the  lower  and  D  the 
Tipper  pressure  station.     The  diameter  of  the  pipe  is  72.5  ins. 

Record  of  Observations. 

[1)  Example  of  Plotted  Results. — Reference  has  already  been  made  to 
Fig.  5,  showing  graphically  the  record  of  the  two  manometers  and  of 
the  Venturi  meter  diflference-gauge  for  a  part  of  the  run  made  on 
August  16th  on  the  wooden  pipe.  Four  observations  of  the  series  made 
on  the  wooden  jsipe  were  taken  at  times  of  falling  pressure,  giving  man- 
ometer records  similar  to  that  shown  in  Fig.  4,  although  the  latter 
record  belongs  to  an  experiment  on  the  steel  pipe. 
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(2)  Tabulation  of  Reduced  Observations. — From  the  experiments  made 
upon  the  wooden  pipe,  22  "  observations  "  resulted.  The  reduced  data 
of  these  observations  are  given  in  Tables  Nos.  5,  6  and  7,  of  which  no 
explanation  is  needed,  since  they  are  in  all  respects  similar  to  the 
tables  showing  data  of  observations  on  the  steel  pipe  (Tables  Nos.  1,  2 
and  3). 

The  date  and  period  of  each  observation  are  given  in  Table  No.  5. 
It  will  be  noticed  that  observations  40,  44,  45  and  46  were  made  under 
conditions  of  falling  pressure. 

[3)  Qeneral  Results. — Table  No.  7  shows  the  observations  arranged 
in  order  of  the  values  of  the  mean  velocity  of  flow,  three  sets  of  results 
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TABLE  No.  5. — Wooden  Pipe.     Discharge  Observations. 


1 

» 

3 

4: 

5 

6 

7 

8 

9 

Date. 

Time. 

North  Venturi 
Meter. 

South  Venturi 
Meter. 

lis 

a 
o  aj 

No. 

^  . 
Co  — 

IS 

■-3    ^ 

i) 
!t5    ■ 

o  S,® 

So  2 

."S  ft* 

III 
f 

30.... 

1897. 
Aug.  15. 
"      15. 
"      15. 
"      15. 
"      15. 
"      16. 
"      16. 
"      16. 
"      16. 
"      16. 
"      16. 
"      17. 
"      17. 
"      17. 
"      17. 
"      17 
"      17. 
"      18. 
"      18. 
"      18. 
"      18. 
"      18. 

8.30—  9.00 

9.28—  9.45 

10.14—10.30 

10.50—11.15 

11.32—12.00 

8.01—  8.30 

8.45—  8.52 

8.54—  9.15 

9.50—10.05 

10.26-10.45 

11.00—11.30 

8.30-  9.00 

9.28-  9.45 

10.16-10.30 

10.48—11.15 

11.30—11.41 

11.50-12.00 

8.30—  9.00 

9.15—  9.45 

10.25—10.30 

10.56-11.15 

11.36—12.00 

0.054 
.178 
.376 
.366 
.363 
.024 
.122 
.125 
.406 
.400 
.395 
.036 
.145 
.321 
.390 
.383 
.380 
.025 
.120 
.288 
.297 
.292 

23.4 
42.5 
61.3 
60.4 
60.1 
15.3 
.35.2 
35.6 
63.6 
63.1 
62.7 
19.1 
38.2 
.56.7 
62.4 
61.9 
61.6 
15.6 
34.9 
.53.8 
54.6 
54.1 

23.4 
42.5 
61.3 
77.1 
99.0 
15.3 
.35.2 
35.6 
63.6 
79.8 
102.3 
19.1 
38.2 
56.7 
104.5 
104.0 
103.7 
15.6 
34.9 
53.8 
72.7 
90.3 

.816 

31.... 

1  482 

33. . . . 

2.138 

33.... 
34.... 
35.... 

.028 
.150 

16.7 
38.9 

2.689 

3.453 

.534 

36. . . . 

1.228 

37. . . . 

1.242 

38.... 

2.218 

39. . . . 
40.... 
41.... 

.028 
.156 

16.7 
39.6 

2.783 

3.568 

.666 

42. . . . 

1.332 

48.... 

1.978 

44.... 
45.... 
46. . . . 
47.... 

.174 
.174 
.174 

42.1 
42.1 
42.1 

3.645 

3.627 

3.617 

.544 

48.... 

1.217 

49. . . . 

1.876 

50.... 
51.... 

.032      i 
.130 

18.1 
36.2 

2.536 
3.149 

being  given  as  in  the  case  of  the  steel  pipe  already  discussed.  The 
quantities  in  this  table  (values  of  c, /and  loss  of  head  per  1  000  ft. )  are 
also  represented  graphically  in  Figs.  10,  11  and  12. 

These  results  differ  from  those  found  for  the  steel  pipe  in  showing 
a  well-marked  variation  of  c  and/ with  the  velocity  of  flow. 

Fig.  11  shows  that  c  increases  with  the  velocity  in  somewhat 
the  way  usually  assumed  for  smooth  cast-ii-on  pipes.  The  highest 
velocity  obtained  in  the  experiments  was  about  3.64  ft.  per  second. 
The  highest  velocity,  not  accompanied  by  a  fall  of  pressure,  was 
about  3.45  ft.  per  second  (observation  34).  The  four  observa- 
tions giving  highest  velocities  are  somewhat  discrepant,  due,  prob- 
ably, to  the  difficulty  of  determining  accurately  the  difference  between 
the  heights  of  manometer  columns  during  periods  of  decreasing 
pressure . 
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TABLE  No.  6. — Wooden  Pipe. — Manometek  Observations. 


1 

» 

3 

4: 

5 

6 

7 

8 

9 

Heights  op  Manometer  Columns 

Static 

Loss  OP  Head 

Reduced  to  0°  Cent. 

differ- 

BETWEEN 

No. 

Length 

pipe. 

(Feet.) 

(Feet.  ) 

ence  of 
mercury 
columns 
reduced 

to 
0=^  Cent. 
(Feet.) 

Manometers. 

head  per 

1  000  ft. 

in 

feet  of 

Upper. 

Lower. 

Difference. 

Mercury. 
(Feet.) 

Water. 

(Feet.) 

water. 

30.. 

2  710 

3.474 

7.364 

3.890 

3.894 

.004 

.054 

.0201 

31.. 

2  710 

3.384 

7.256 

3.872 

3.894 

.022 

.299 

.111 

32.. 

2  710 

3.151 

7.003 

3.852 

3.894 

.042 

.571 

.211 

33.. 

2  710 

2.882 

6.710 

3.828 

3.884 

.066 

.898 

.331 

34.. 

2  710 

2.434 

6.225 

3.791 

3.894 

.103 

1.401 

.517 

35.. 

2  710 

3.496 

7.382 

3.886 

3.894 

.008 

.109 

.0101 

36.. 

3  710 

3.446 

7.320 

3.874 

3.894 

.020 

.272 

.1003 

37.. 

2  710 

3.443 

7.318 

3.875 

3.894 

.019 

.258 

.0952 

38.. 

2  710 

3.116 

6.963 

3.847 

3.894 

.047 

.639 

.235 

39.. 

2  710 

2.833 

6.655 

3.822 

3.884 

.072 

.979 

.361 

40.. 

2  710 

^1^.°^ 

Dropping 

3.781 

3.894 

.113 

1.537 

.566 

41.. 

2  710 

7.369 

3.883 

3.894 

.011 

•150 

.0552 

42.. 

2  710 

3.417 

7.290 

3.873 

3.894 

.021 

.286 

.106 

43.. 

2  710 

3.211 

7.063 

3.852 

3.894 

.042 

.571 

.211 

44.. 

2  710 

Dropping 

Dropping 

3.779 

3.894 

.115 

1.564 

.576 

45.. 

2  710 

" 

" 

3.785 

3.894 

.109 

1.482 

.547 

46.. 

2  710 

" 

" 

3.794 

3.894 

.100 

1.360 

.501 

47.. 

2  710 

3.492 

7.381 

3.889 

3.894 

.005 

.068 

.0251 

48.. 

2  710 

3.443 

7.318 

3.875 

3.894 

.019 

.258 

.0953 

49.. 

2  710 

3.252 

7.110 

3.858 

3.894 

.036 

.490 

.181 

50.. 

2  710 

2.985 

6.819 

3.834 

3.894 

.060 

.816 

.300 

51.. 

2  710 

2.628 

6.432 

3.604 

3.894 

.090 

1.224 

.452 

3.518 

7.412 

3.894 

3.894 

.000 

.000 

.000 

Reliability  of  Results. 

Excluding  observation  30,  the  experiments  on  the  wooden  pipe  are 
more  accordant  than  those  on  the  steel  pipe.  This  is,  doubtless,  due 
to  the  fact  that  the  most  important  source  of  error  in  the  steel  pipe 
experiments  was  absent  in  the  later  series. 

The  greatest  pressure  to  which  either  manometer  was  subjected  in 
this  series  was  due  to  a  head  of  about  101  ft. ,  as  against  462  ft.  in  the 
former  series.  Under  this  lower  pressure  no  diflSculty  was  experienced 
in  securing  tight  joints,  and  leakage  of  mercury  did  not  occur.  The  long 
connecting  pipe  between  the  manometer  and  the  main  pipe  (which  was 
necessary  at  the  lower  end  of  the  steel  pipe)  was  also  avoided,  thus 
diminishing  the  difficulty  of  eliminating  air.  The  temperature  con- 
ditions were,  on  the  whole,  as  favorable  in  the  second  series  as  in  the 
first;  for  although  neither  manometer  was  furnished  with  a  water 
jacket,  the  upper  one  was  very  completely  sheltered  from  temperature 
changes,  while  the  lower  was  not  seriously  exposed.      The  fact  that 
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TABLE  No.  7. — Wooden  Pipe.     Genekax  EEsuiiTs. 


1 

3 

3 

4 

5 

Mean  velocity  in 

Loss  of  head  per 

Value  of  c  in 

Value  of  /  in 
formula 

No. 

main  pipe. 

1000  ft. 

formula 

(Feet  per  second.) 

(Feet.) 

V  =,  c  \/  rs 

35 

.534 

.0401 

69 

.0547 

47 

.544 

.0251 

88 

.0262 

41 

.666 

.0552 

73 

.0483 

30 

.816 

.0201 

1481 

.0117 

48 

1.317 

.0953 

101 

.0250 

36 

1.228 

.1003 

100 

.0259 

37 

1.242 

.0952 

104 

.0241 

42 

1.332 

.106 

106 

.0230 

31 

1.482 

.111 

115 

.0195 

49 

1.876 

.181 

114 

.0199 

43 

1.978 

.211 

111 

.0209 

32 

2.138 

.211 

120 

.0179 

38 

2.218 

.235 

117 

.0186 

50 

2.536 

.300 

119 

.0182 

83 

2.689 

.331 

120 

.0178 

39 

2.783 

.361 

119 

.0181 

51 

3.149 

.452 

121 

.0177 

34 

3.453 

.517 

124 

.0168 

40 

3.568 

.566 

122 

.0173 

46 

3.617 

.501 

131 

.0149 

45 

3.627 

.547 

126 

.0161 

44 

3.645 

.576 

123 

.0168 

botli  columns  were  much  shorter  also  rendered  the  temperature  cor- 
rection less  important. 

Known  Data  Regarding  the  Capacity  of  Wooden  Pipes. 
Besides  the  foregoing  results,  the  authors  know  of  only  the  follow- 
ing experimental  data  regarding  the  carrying  capacity  of  wooden  stave 
pipe. 

1.  Experiment  by  Arthur  L.  Adams,  M.  Am.  Soc.  C.  E.,  on  conduit 
of  Astoria,  Oregon,  Water- Works.  This  is  the  same  experiment  as  that 
already  described  in  connection  with  the  discussion  of  steel  pipes 
(No.  5,  Table  No.  4).  The  loss  of  head  in  4  188  ft.  of  18-in.  stave  pipe 
was  measured  by  means  of  open  stand-pipes.  The  discharge  was  de- 
termined by  measuring  the  rise  of  the  reservoir  surface  in  a  test  of 
eio'hteen  hours.  The  value  of  c  was  132.9  for  v  =  3.605.  The  Kutter 
coefficient  of  roughness  was  about  0.010.  —  Trans.  Am.  Soc.  C.  E.,  Vol. 
XXX vi,  p.  26. 

2.  In  an  account  of  the  80-in.  stave  pipe  of  the  Denver  Water- Works, 
by  James  D.  Schuyler,  M.  Am.  Soc.  0.  E.,  it  is  stated  that  gaugings 
were  made  by  measuring  the  rise  of  the  reservoir  surface  in  a  known 
time,  and  also  by  measurement  of  the  velocity  by  current  meter.  As 
a  result  it  is  said  that  in  "  applying  Kutter's  formula  to  wood  pipe,  as 
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Iowa  coefficient  n  as  0.0096  can  be  tised. "  This  value  of  n  would 
give  values  of  c  probably  between  140  and  150,  depending  upon  the 
hydraulic  slope,  which  is  not  given.  Trans.  Am.  Soc.  C.  E.,  Vol. 
xxxi,  p.  144. 

3.  Fred.  B.  Gutelius,  C.  E.,  states  that  in  the  design  of  the  24-iu. 
stave  pipe  of  the  Butte  City  (Montana)  Water  Company,  the  value  of 
n  was  taken  as  0.010,  and  that  the  correctness  of  this  value  was  justi- 
fied by  a  test.  The  particulars  of  the  test  are  not  given,  but  this  value 
of  n  would  give  values  of  c  probably  between  120  and  130,  depending 
upon  the  hydraulic  slope.  Journal  of  ilie  Association  of  Engineering 
Societies,  Vol.  xii,  p.  219. 

According  to  Hamilton  Smith,*  for  circular  pipe  having  "quite 
smooth  interior  surfaces,  and  no  sharp  bends,"  the  value  of  c  increases 
with  the  diameter  and  also  with  the  velocity.  Following  are  the 
values  given  by  him  for  diameter  6  ft.  and  for  velocities  up  to  4  ft.  per 
second,  with  the  corresponding  values  derived  from  the  experiments 
on  the  Ogden  pipe  by  the  authors: 


c 

Smith's  table. 

Ogden  experiments. 

1 

3 
3 
4 

131.8 
138.0 
142.3 
145.5 

100 
115 
122 
125 

It  will  be  seen  that,  while  the  two  series  agree  in  showing  an  in- 
crease of  c  with  the  velocity,  the  experimental  values  are  decidedly 
lower  than  those  given  in  Smith's  table. 

In  this  connection  it  may  be  noted  that  the  experiments  described 
by  Desmond  FitzC^erald,  M.  Am.  Soc.  C.  E.,t  on  clean  cast-iron  pipe 
48  ins.  in  diameter,  show  a  fair  agreement  with  Smith's  tables  as  re- 
gards the  general  law  connecting  v  and  c,  but  give  values  of  c  higher 
than  Smith's  for  velocities  less  than  7  ft.  per  second.  On  the  other 
hand,  48-in.  pipe,  with  surface  much  tuberculated,  showed  a  very  dif- 
ferent series  of  values  of  c;  there  being  little  variation  of  c  with  v 
except  for  low  velocities,  and  the  variation  being  a  decrease  of  c  with 
increasing  velocity.     The  values  of  c  for  tuberculated  pipe  were  not 

*  "  Hydraulics,"  p.  271. 

t  Transactions,  Am.  Soc.  C.  E.,  vol.  xxxv,,  p.  241. 
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gi-eatly  different  from  the  values  for  large  riveted  pijje  given  in  Table 
No.  4. 

In  regard  to  the  applicability  of  Kutter's  formula  it  is  to  be  said 
that  the  experiments  on  the  wooden  pipe  herein  described  give  values 
of  n  ranging  from  0.012  to  0.015,  an  average  value  being  perhaj^s  0.013. 
The  diflference  between  this  value  and  those  given  for  the  Denver  and 
Butte  City  conduits  can  hardly  be  attributed  to  the  greater  roughness 
of  the  Ogden  pipe.  It  is  rather  to  be  supposed  that  the  Kutter  formula 
is  defective. 

IV. — Observation.s  on  Venturi  Metees. 

The  Venturi  meters  being  the  only  means  available  for  measuring 
the  rate  of  discharge  of  the  pipe,  no  test  could  be  made  of  the  cor- 
rectness of  their  indications,  or  for  the  determination  of  values  of  the 
coefficient  to  be  used  with  them.  As  already  stated,  the  authors  as- 
sumed the  correctness  of  the  coefficients  furnished  by  the  manu- 
facturers. 

A  matter  of  some  importance,  both  theoretically  and  practically, 
is  the  loss  of  head  caused  by  friction,  and  by  the  contraction  and  ex- 
pansion of  the  stream  within  the  meter.  The  values  of  this  loss  for 
different  values  of  the  rate  of  discharge  Avere  fairly  well  determined 
within  the  range  of  the  experiments. 

Loss  of  Head  in  Meters, 
The  results  of  the  observations  of  loss  of  head  in  the  meters  have 
been  tabulated  for  the  two  meters  separately,  Table  No.  8  referring 
to  the  south  meter,  and  Table  No.  9  to  the  north  meter.  In  each  case 
the  observations  have  been  arranged  in  the  order  of  increasing  values 
of  the  rate  of  discharge.  These  tables  show  values  of  "head  on 
Venturi,"  loss  of  head  in  meter,  and  rate  of  discharge  of  meter,  for 
-each  observation.  The  values  in  column  2  are  found  by  taking  the 
difference  between  the  readings  of  the  mercury  columns  communicat- 
ing with  the  throat  and  up-stream  sections  of  the  meter;  while  the 
values  in  column  4  are  found  in  the  same  way  from  the  up-stream  and 
down-stream  sections.  The  values  in  columns  3  and  5  are  found  from 
those  in  2  and  4,  respectively,  by  applying  the  factor  12.6,  or  e  —  1,  e 
being  the  specific  gravity  of  mercury.  The  values  in  columns  2  and 
-6  are  repeated  from  Tables  Nos.  1  and  5. 
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TABLE  No.  8. — South  Ventuki  Meter.     Relation  Between  Rate  of 
Discharge  and  Loss  of  Head  in  Meter. 


1 

3 

3 

4 

5 

6 

Observation 
No. 

Head  on 

Venturi. 

Loss  OP  Head  in  Meter. 

Rate  of 

discharge. 

(Cubic  feel 

per 

second.) 

Gauge  read- 
ing. 

Equivalent 

water  column. 

(Feet.) 

Gauge  read- 
ing. 

Equivalent 
water  column. 

(Feet.) 

1 

.022 
.024 
.025 
.036 
.036 
.043 
.054 
.072 
.120 
.123 
.123 
.125 
.140 
.141 
.145 
.159 
.160 
.178 
.199 
.210 
.211 
.219 
.221 
.325 
.225 
.226 
.288 
.392 
.296 
.297 
.321 
.363 
.366 
.376 
.380 
.383 
.390 
.391 
.395 
.400 
.406 
.481 
.512 

.28 
.30 
.32 
.33 
.46 
.54 
.68 
.91 
1.51 
1.54 
1.55 
1.58 
1.76 
1.78 
1.83 
2.00 
2.02 
3.24 
2.51 
2.65 
2.66 
2.76 
3.79 
2.84 
3.84 
2.85 
3.63 
3.68 
3.r3 
3.74 
4.04 
4.57 
4.61 
4.74 
4.79 
4.83 
4.91 
4.93 
4.98 
5.04 
5.13 
6.06 
6.45 

.001 
.005 
.005 
.004 
.007 
.006 
.008 
.012 
.031 
.031 
.018 
.019 
.016 
.017 
.031 
.033 
.034 
.036 
.036 
.031 
.030 
.033 
.033 
.031 
.031 
.033 
.045 
.044 
.043 
.046 
.048 
.055 
.055 
.058 
.059 
.059 
.060 
.053 
.059 
.058 
.058 
.065 
.073 

.01 
.06 
.06 
.05 
.09 
.08 
.10 
.15 
.37 
.27 
.33 
.24 
.20 
.32 
.27 
.29 
.30 
.Si 
.33 
.39 
.38 
.41 
.40 
.39 
.39 
.40 
.57 
.56 
.53 
.58 
.61 
.69 
.69 
.73 
.74 
.74 
.76 
.66 
.74 
.73 
.73 
.83 
.91 

14  5 

•i5 

15  3 

47 

15  6 

25 

16  0 

41 

19  1 

30 

31  0 

.30 

23  4 

26 

37  2 

48 

34  9 

36 

35  2 

27 

35  3 

37 

35  6 

12 

37  5 

11 

37  6 

42 

38.2 

21 

40.0 

22 

40  1 

31 

42  5 

2 

44.8 

29 

46  1 

28 

46  2 

16 

46.9 

15 

47.1 

6 

47.5 

7 

47.5 

14 

47.5 

49 

53.8 

51 

54.1 

13 

54.5 

50 

54.6 

43 

56.7 

34 

60.1 

.33 

60.4 

32 

61.3 

46 

61.6 

45 

61.9 

44 

62.4 

10 

63.5 

40 

63.7 

39 

63.1 

38 

63.6 

9 

69.2 

8 

71.2 

The  simultaneous  values  of  ' '  head  on  Venturi  "  and  ' '  loss  of  head  in 
meter  "  are  plotted,  for  each  meter  separately,  in  Figs.  13  and  14.  The 
irregularities  shown  in  the  diagrams  are  doubtless  due  chiefly  to  the 
presence  of  dirt  at  the  top  of  the  down-stream  mercury  column,  as  al- 
ready explained.  In  spite  of  these  irregularities  the  results  show 
quite  satisfactorily  the  relation  between  loss  of  head  and  head  on  Ven- 
turi.    This  relation,  within  the  range  of  the  observations,  is  well  rep- 
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TABLE  No.  9. — North  Venturi  Meter.      Relation   Bet^^en   Rate 
OF  Discharge  and  Loss  of  Head  in  Meter. 


resented  by  a  straiglit  line.  In  other  words,  the  loss  of  head  in  the 
meter  appears  to  be  directly  proportional  to  head  on  Venturi.  The 
loss  of  head  thus  appears  to  vary  nearly  as  the  square  of  the  velocity 
of  flow  through  the  meter. 

If  if  denotes  head  on  Venturi  and  H"  loss  of  head  in  meter,  the 
above  relation  is  expressed  by  the  equation  //"  =  a  H,  where  a  is  a  con- 
stant. The  value  a  =  0.149  for  each  meter  agrees  well  with  the  ex- 
perimental data. 

The  relation  between  loss  of  head  in  meter  and  rate  of  discharge, 
for  the  Ogden  meters,  using  the  relation  H"  =  O.liQH,  is  shown  by 
the  curve  in  Fig.  15. 

The  experience  of  the  authors  in  these  tests  has  convinced  them  of 
the  great  value  of  the  Venturi  meter  in  experimental  work,  requiring 
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the  measurement  of  the  rate  of  discharge  of  pipes.  By  no  other 
method  would  it  have  been  possible  to  collect  so  much  information,  at 
all  comparable  in  accuracy  with  that  obtained  in  these  experiments, 
without  months  of  labor.  Moreover,  the  sensitiveness  of  the  difference- 
gauge  to  slight  changes  of  the  rate  of  discharge  shows  that  the  meter  is 
capable  of  giving  measurements  of  great  precision.  It  is  perhaps  not 
too  much  to  say,  that,  exce^jt  for  very  small  quantities,  the  Venturi 
meter  furnishes  the  most  precise  of  all  methods  of  measuring  the  rate 
of  discharge,  provided  the  values  of  the  coefficient  are  accurately 
known.* 

In  cai-rying  out  these  experiments  the  authors  were  assisted  by  Mr. 
L.  S.  Boggs,  E.  E. ,  Superintendent  of  the  Pioneer  Electric  Power 
Company;  by  Mr.  F.  W.  Hart,  Assistant  Suj^erintendent,  and  by  Mr. 
L.  B.  Spencer,  student  in  civil  engineering  in  Stanford  University. 
To  them,  for  the  valuable  and  efficient  aid  rendered;  to  the  directors 
of  the  Pioneer  Electric  Power  Company,  and  especially  to  Chief  En- 
gineer Bannister,  for  all  courtesies  rendered,  the  authors  desire  to  ex- 
press their  sincere  thanks. 

*  In  regard  to  the  range  of  the  coefficients  of  a  Venturi  meter,  the  only  exj)erimental 
results  known  to  the  authors  are  those  of  Herschel.  These  results,  obtained  with  meters 
of  diameters  of  12  ins..  48  ins.  and  108  ins.,  indicate  that  the  values  of  the  coefficient,  for 
throat  velocities  between  5  ft.  and  25  ft.  per  second,  are  not  likely  to  differ  from  unity  by 
more  than  SJi'  (see  '•115  Experiments,"'  PI.  Ill,  p.  43).  Even  with  an  unrated  meter  it 
is  probable  that  the  results  obtained  will  compare  favorably  in  accuracy  with  those 
obtainable  by  any  other  method  of  measurement. 
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ATTACHMENT  OF  PIEZOMETEKS. 

Object  of  discussion. 

It  is  proposed  to  consider  the  question  whetlier  tlie  heiglit  of  a 
jsiezometer  column  depends  upon  the  position  of  the  j)oint  of  attach- 
ment to  the  pipe  ;  and  also  whether  different  results  will  be  given  by 
multiple  attachment  than  by  attachment  at  a  single  point.  The  dis- 
cussion will  refer  to  a  vertical  cross-section  of  a  horizontal  pipe  ;  but 
the  reasoning  will  be  seen  to  a^^j^ly  to  the  transverse  section  of  a  pipe 
having  any  direction. 

Variation  of  Pressure  in  a  Cross-Section. 

The  pressures  at  different  points  in  the  same  cross-section  are  un- 
equal, being  less  near  the  top  of  the  pipe  than  near  the  bottom.  If 
the  particles  of  water  all  moved  in  straight  lines  parallel  to  the  axis 
of  the  pipe,  the  law  of  variation  of  pressure  with  depth  would  be  the 
same  as  for  water  at  rest.  Any  variation  from  this  law  must  be  due 
to  the  fact  that  particles  are  deflected  from  the  straight  axial  direc- 
tion ;  in  other  words,  to  the  fact  that  some  of  the  particles  of  water 
jjassing  a  given  section  at  any  instant  are  being  accelerated  vertically. 
If  such  is  the  case,  the  distribution  of  the  vertical  components  of  ac- 
celeration throughout  the  cross-section  will  continually  vary  ;  so  that 
not  only  will  the  law  of  variation  of  pressure  with  depth  differ  from 
the  hydrostatic  law,  but  the  actual  pressure  at  any  given  point  will 
vary.  Therefore,  in  any  case  in  which  a  piezometer  is  found  to  give 
results  which  fluctiiate  but  slightly,  it  may  be  concluded  that  the 
sinuosities  in  the  motions  of  the  particles  of  water  have  no  imjiortant 
effect  upon  the  law  of  variation  of  pressure  in  the  cross-section.  Ex- 
perience bears  out  the  supposition  that  this  condition  is  satisfied 
when  steady  flow  has  been  maintained  for  some  time  in  a  straight  pipe 
of  uniform  cross-section.  The  following  discussion  will  therefore 
proceed  on  the  assumption  that  the  pressure  in  any  cross -section 
varies  with  the  depth,  according  to  the  hydrostatic  law. 

Case  of  Open-Topped  Piezometer. 

If  the  pressure  throughout  a  cross-section  exceeds  that  of  the  at- 
mosphere, and  if  open  tubes  are  attached  at  two  points,  as  at  A  and  B 
(Fig.  16),  it  is  evident  that  water  will  rise  to  the  same  level  in  both. 
For  since  the  pressure  at  B  exceeds  that  at  A  by  an  amount  equiva- 
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lent  to  the  heiglit  (h)  of  A  above  B,  the  corresponding  pressure 
columns  must  differ  in  height  by  the  same  amount  h.  In  fact,  the 
pressure  at  any  two  points  C  and  D  at  the  same  level  in  the  two  pipes 
must  be  equal. 

If  the  pressure  at  the  toji  of  either  column  is  less  than  atmos- 
pheric, that  column  will  stand  corresiDondingly  higher  ;  but  the  sur- 
faces Xand  Fwill  be  at  the  same  level  so  long  as  they  are  subject  to 
equal  pressures. 


Fig.  1G.  Fig.  17. 

Case  of  Yacuiim  Gauge. 

In  case  the  pressure  throughout  the  cross-section  of  the  pipe 
becomes  less  than  one  atmosphere,  the  open  jjiezometer  becomes  in- 
applicable. It  is,  however,  instructive  to  consider  what  will  happen 
if,  with  ojaen  tubes  attached  as  in  Fig.  16,  the  pressure  within  the 
pipe  gradually  diminishes.  The  surfaces  Xand  Fwill  fall  equally 
iintil  the  pressure  within  the  pipe  at  the  level  A  becomes  just  one  at- 
mosjihere,  the  surface  Fthen  standing  on  a  level  with  A.     The  press- 
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lire  at  any  point  lower  than  A  is  still  greater  tlian  one  atmosphere. 
Let  the  pressure  in  the  pipe  diminish  still  further  until  thei'e  is  just 
one  atmosphere  of  pressure  at  some  level  E,  between  A  and  B  ;  press- 
ures less  than  one  atmosphere  existing  at  all  points  higher  than  E, 
and  greater  than  one  atmosphere  at  all  points  lower.  The  surface  Y  will 
fall  to  F,  level  with  E ;  while  at  A  air  will  be  drawn  into  the  pipe.  If 
the  level  of  atmospheric  pressure  falls  below  B,  air  will  also  enter  at  B. 

Suppose,  next,  that  the  txabes  attached  at  A  and  B  are  arranged  as 
shown  in  Fig.  17,  both  tubes  dipjjiug  into  a  reservoir  Avhose  surface  is 
under  atmospheric  pressure,  the  pressure  within  the  pipe  being  less 
than  atmosjjheric  in  all  jjarts  of  the  cross- section.  At  first  let  air  be 
admitted  to  the  tubes  throiigh  the  valves  V  V,  which  are  then  closed. 
So  long  as  air  enters  freely,  the  tubes  act  in  the  same  way  as  the  open 
tubes  of  Fig.  16.  The  pressure  within  the  piezometer  tubes  being 
greater  than  that  within  the  pipe,  air  enters  the  pij^e  from  both  tubes. 
After  the  valves  V  Fare  closed,  the  withdrawal  of  air  causes  a  decrease 
of  pressure  in  each  tube,  and  water  rises  from  the  reservoir  to  a  height 
which,  for  each  tube,  rejjresents  the  difference  between  the  pressure 
within  the  tube  and  that  of  the  atmosphere  at  the  surface  of  the  res- 
ervoir. Air  will  continue  to  enter  the  pipe  at  A  so  long  as  the  pressure 
within  the  tube  exceeds  the  water  pressure  at  ^.  A  condition  of 
equilibrium  will  finally  be  reached  in  which  the  pressure  throughout 
the  air  in  the  tube  is  equal  to  the  water  pressure  at  A,  and  the  surface  X 
stands  at  a  height  above  the  reservoir  surface  representing  the  excess 
of  atmospheric  pressure  above  the  pressure  within  the  space  AX.  A 
like  condition  will  be  reached  in  the  other  tube,  but  since  the  pressure- 
head  at  5  exceeds  that  at  A  by  an  amount  A^  B^  =  li,  the  surface  Y 
will  stand  lower  than  Xhj  an  amount  X^  Yi  =  Ti. 

It  is  further  to  be  noticed  that,  if  the  opening  at  A  is  of  appreciable 
size,  water  will  stand  in  the  tube  up  to  the  level  of  the  top  of  the 
opening.  Thus,  sujipose  the  exhaustion  of  the  air  Avithin  the  tube 
has  proceeded  until  the  air  pi'essure  in  the  tube  is  greater  than  the 
water  pressure  at  the  top  of  the  opening  and  less  than  that  at  the  bot- 
tom; air  will  enter  at  the  top,  and  water  will  flow  out  at  the  bottom,  a 
condition  of  equilibrium  being  reached  only  when  no  jsart  of  the  stream 
in  the  main  pipe  flowing  past  the  orifice  is  in  contact  with  air.  Simi- 
larly, water  will  stand  in  the  other  tube  up  to  the  level  of  the  top  of 
the  opening  B. 

It  thus  appears  that  it  makes  no  difference  at  what  point  of  the 
cross-section  the  piezometer  is  attached,  provided  the  indicated  press- 
ure be  referred  to  the  proper  level.  If  the  apparatus  is  attached  and 
operated  in  the  manner  above  described,  the  piezometer  reading  in 
each  case  gives  the  pressure  within  the  pipe  at  points  which  are  on  a 
level  with  the  toiJ  of  the  orifice  leading  from  the  pipe  to  the  piezome- 
ter tube. 
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If,  after  the  condition  of  equilibrium  above  described  lias  been 
reached,  the  j^ressure  within  the  pipe  increases,  but  still  remains  less 
than  that  of  the  atmosj^here,  Avater  will  rise  in  the  tubes  at  A  and  at 
B,  the  surfaces  X  and  Y  at  the  same  time  falling.  A  condition  of 
eqiiilibrium  will  ensue  in  which  the  height  of  the  column  RX  exceeds 
that  of  the  column  above  A  by  an  amoviut  equivalent  to  the  difference 
between  atmospheric  pressure  and  the  pressure  at  A,  with  a  similar 
condition  of  affairs  in  the  tube  attached  at  B.  In  such  a  case  both 
columns  in  the  same  jjiezometer  tube  must  be  observed  in  order  that 
the  pressure  at  a  given  level  in  the  main  pipe  may  be  known. 

A  fui'ther  case  to  be  considered  is  that  in  which  some  part  of  the 
l^iezometer  tube  is  lower  than  the  opening  into  the  pipe,  as  at  C,  Fig. 
17,  the  pressure  within  the  pipe  at  C  being  supposed  less  than  one 
atmosphere.  If  the  tube  is  at  first  filled  with  air  under  atmospheric 
pressure,  air  will  enter  the  pipe  at  C  until  the  pressure  within  the  tube 
falls  to  the  value  of  the  water  pressure  at  the  bottom  of  the  opening. 
As  soon  as  the  air  pressure  becomes  less  than  this  value,  water  will  flow 
into  the  tube  through  the  lower  jjart  of  the  orifice,  collecting  in  the 
lowest  part  of  the  tube  until  its  cross-section  is  entirely  filled.  Water 
will  continue  to  flow  into  the  tube  at  the  bottom  of  the  orifice,  and  air 
to  enter  the  pipe  at  the  top,  until  no  air  remains  in  contact  Avith  the 
water  flowing  past  the  orifice  in  the  main  pipe.  A  condition  of  equili- 
brium will  finally  be  reached  in  which  water  fills  the  tube  from  G  to 
some  point  C,.  This  point  C^  will  be  high  enough  so  that  the  lowest 
cross-section  of  the  tube  is  completely  tilled,  but  its  exact  height  can- 
not be  predicted.  The  height  of  the  column  R  Z'  Avill  measure  the 
amount  by  which  atmospheric  pressure  exceeds  the  pressure  within  the 
pipe  at  the  level  C,. 

Consider  next  the  case  of  a  single  piezometer  communicating  with 
the  given  cross-section  of  the  pipe  at  two  points,  as  at  ^'  and  C,  Fig. 
17,  the  pressure  at  every  point  of  the  cross-section  being  less  than  that 
of  the  atmosphere.  As  before,  let  the  valve  V  be  first  open  and  then 
closed.  While  it  is  open,  air  will  enter  the  pipe  at  A'  and  at  C.  After 
it  is  closed  air  will  continue  to  enter  the  pipe  so  long  as  the  pressure 
within  the  tube  exceeds  the  water  pressure,  either  at  A '  or  at  C".  At 
the  same  time  water  will  rise  from  the  reservoir  i?  to  a  height  measur- 
ing the  amount  by  which  the  pressure  within  the  tube  is  less  than  one 
atmosphere.  When  the  pressure  within  the  tube  becomes  less  than 
that  in  the  pipe  in  the  lower  portion  of  the  opening  C",  air  will  cease 
to  enter  at  this  part  of  the  opening,  and  water  will  flow  into  the  tube. 
At  the  top  of  the  opening  air  will  still  enter  until  the  air  pressure  falls 
below  the  water  jiressure  at  that  point;  after  which  water  will  flow  out 
through  the  entire  opening.  Air  will  continue  to  enter  the  pipe  at  A ', 
and  the  air  pressure  in  the  tube  to  decrease.  When  the  pressure  in 
the  tube  is  equal  to  the  water  pressure  at  some  point  B  D,  between  A' 
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and  C",  water  tends  to  stand  in  the  tube  at  the  height  Z), ;  no  condition 
of  equilibrium  is  reached,  however,  so  long  as  air  continues  to  enter  at 
A'.  Finally  the  pressure  in  the  tube  will  reach  the  value  of  the  water 
pressure  at  the  highest  point  of  the  orifice  A',  air  will  cease  to  enter 
the  main  pipe,  and  water  will  stand  in  both  branches  of  the  tube  to  the 
level  A'  A\.  The  air  pressure  in  the  tube  is  now  equal  to  the  pressure 
in  the  water  at  the  level  A ',  and  is  less  than  atmospheric  pressure  by 
an  amount  equivalent  to  the  water  column  R  X'. 

Summary  of  Results. 

The  conclusions  to  be  drawn  from  the  foregoing  discussion  may  be 
summarized  as  follows: 

(1)  When  the  pressure  in  the  given  cross-section  of  the  pipe  every- 
where exceeds  that  of  the  atmosphere,  an  open  piezometer  will  stand 
at  the  same  height  at  whatever  point  of  the  cross-section  it  be  attached, 
and  whether  it  communicates  with  the  pipe  at  one  point  or  at  several. 

(2)  If  a  "  vacuum  "  piezometer  be  used,  the  pressure  at  the  point  of 
attachment  being  less  than  that  of  the  atmosphere,  the  pressure  at  any 
level  in  the  pipe  can  be  inferred  if  the  water  surfaces  in  both  branches 
of  the  piezometer  are  known.  The  pressure  within  the  main  pipe,  at 
all  points  on  a  level  with  the  surface  of  the  column  in  the  branch  of 
the  piezometer  tube  adjacent  to  the  pipe,  has  "negative"  value 
measured  by  the  height  of  the  column  in  the  other  branch  above 
the  open  reservoir. 

(3)  In  case  of  a  vacuum  piezometer  connected  with  the  pipe  at  more 
than  one  point  in  the  same  cross-section,  Avater  will  stand  at  the  same 
level  in  all  the  connecting  tubes. 

(4)  In  case  of  a  vacuum  piezometer,  if  air  be  freely  admitted  to  the 
tube  before  the  observation,  the  pressure  within  the  main  pipe  remain- 
ing constant,  water  will  rise  in  the  connecting  tubes,  whether  one  or 
several,  to  the  level  of  the  highest  point  of  communication  with  the 
pipe.* 

The  authors  have  not  been  able  to  subject  these  conclusions  to  the 
test  of  experiment.  They  are,  however,  in  conformity  with  the  results 
noticed  and  discussed  by  Herschel.f  For  measuring  pressures  in  the 
throat  of  a  Venturi  meter  he  used  a  vacuum  piezometer  communi- 
cating with  the  throat  at  several  points,  the  several  branch  tubes  being 
furnished  with  valves,  so  that  communication  could  be  opened  through 
any  one  or  more  of  them  at  pleasure.  From  the  working  of  the  piezo- 
meter with  different  combinations  of  tubes  open,  Herschel  concludes 
that: 

"  The  Venturi  must,  in  all  cases,  be  pierced  for  connection  with  the 
air  chamber  vertically  at  its  crown,  and  may  be  pierced  radially  at  as 

*  Unless  the  tube  leading  to  this  point  runs  below  the  level  of  the  opening  into  the 
pipe. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  xvii,  pp.  248,  250,  251. 
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many  additional  points  as  we  please,  without  aflfecting  the  reading  of 
the  standard  crown  orifice." 

The  foregoing  theory  suggests  no  reason  for  the  conclusion  that  the 
pipe  must  be  pierced  at  the  highest  point  of  the  cross-section ;  but 
Herschel's  conclusion  is  otherwise  in  strict  conformity  with  the  prin- 
ciples reached  above,  and  summarized  in  the  paragraphs  numbered  (3) 
and  (4).  These  princijales  are  not  fully  tested  by  the  experiments  re- 
corded, since  in  every  case  bearing  upon  the  point  under  discussion 
one  of  the  open  passages  was  the  one  at  the  top  of  the  cross-section. 

For  the  case  of  pressures  greater  than  atmospheric,  Herschel's  ex- 
periments of  October,  1887,*  furnish  several  instances  in  conformity 
with  the  conclusion  above  drawn  and  stated  in  paragraph  (1).  This 
is,  in  fact,  the  conclusion  reached  by  Herschel.  In  the  experiments 
of  the  authors  at  Ogden  no  pressures  less  than  atmospheric  had  to  be 
measured. 

The  foregoing  discussion  has  not  referred  to  the  effect  of  air  carried 
by  the  water  and  collecting  in  the  piezometer  tube.  Attachment  of 
the  piezometer  at  the  top  of  the  pipe  i>robably  gives  greater  liability 
to  trouble  from  this  source  than  attachment  at  a  lower  point;  but  in 
all  cases  means  must  be  provided  for  getting  rid  of  whatever  air  may 
collect, 

*  Transactions,  Am.  Soc.  C.  E..  Vol.  xvii,  p.'_250. 
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DISCUSSION. 


Mr.  Williams.  Gakdnee  S.  Williams,  Assoc.  M.  Am.  Soc.  C.  E. — Some  informa- 
tion in  regard  to  the  calibration  of  the  instruments  used  in  the  experi- 
ments under  discussion,  if  they  were  calibrated  at  all,  would  seem  to 
be  desirable.  The  speaker  has  found  that  there  is  sometimes  a  varia- 
tion in  the  specific  gravity  of  mercury,  and  also  that  some  insti'U- 
mental  coefficients  may  possibly  enter  into  the  question,  notably  in 
the  connection  Avith  the  lower  gauge.  The  statement  that  an  air-cock 
is  provided  at  the  highest  point  in  this  connecting  pipe  offers  an 
opportunity  for  suspicion  as  to  the  results  afforded  by  that  gauge. 
From  some  observations  which  the  speaker  has  made,  he  has  learned 
that  there  is  nothing  more  delusive  than  an  air-cock.  If  it  is  not 
placed  at  the  high  jjoint,  or  if  the  air  bubble  is  not  at  the  highest 
point  and  proj^erly  blown  off,  the  entire  test  for  that  velocity  and  for 
that  time  may  be  vitiated,  and,  unless  the  observers  were  able  to 
assure  themselves  that  there  was  no  accumulation  of  particles  of  air 
in  the  connection  of  theii*  gauge,  little  dependence  can  be  placed  on 
the  results  they  have  given.  It  seems  to  the  speaker  that  the  lack  of 
coherence  of  the  observations  and  the  apparent  sinuosity  of  the  mean 
line  for  the  value  of  n,  indicate  that  there  was  something  very  mate- 
rially the  matter  with  the  observations.  He  does  not  wish  to  appear 
undulj'  critical  of  those  who  carried  out  these  experiments,  fully 
appreciating  the  difficulties  under  which  they  labored,  yet  he  does 
not  think  these  experiments  are  entitled  to  rank  with  the  experiments 
heretofore  made  and  recorded  by  Messrs.  Desmond  FitzGerald,  John 
R.  Freeman,  and  others.  The  same  objection  might  be  made  to  most 
of  the  experiments  made  in  the  West,  on  which  dependence  is  placed 
for  knowledge  as  to  the  carrying  capacity  of  large  conduits.  They 
have  been  ordinarily  single  experiments  by  inexperienced  experiment- 
ers, who  are  not  aware  of  the  conditions  likely  to  be  met,  and  the 
results  obtained  are  not  entitled  to  the  same  credence  as  the  observa- 
tions of  those  who  have  devoted  years  of  study  to  the  subject.  On 
the  line  under  discussion  the  effect  of  curvature  must  have  been  of 
some  importance.  Without  wishing  to  go  into  that  subject  very 
extensively,  the  speaker  desires  to  state  positively  that  the  line  of 
maximum  velocity  of  the  water  passing  around  a  curve  is  not  in  the 
axis  of  the  pipe.  He  fully  agrees  that  more  extended  experiments  are 
highly  desirable,  and  would  also  suggest  that,  with  shorter  lengths 
and  more  delicate  instruments,  possibly  more  satisfactory  results 
could  be  obtained. 

Mr.  Trautwine.  JoHN  C.  Teautwtne,  Jr.,  Assoc.  Am.  Soc.  C,  E. — Mr.  Herschel,  in 
his  paper*  describing  the  Venturi  meter  as  he  designed  it  in  the  first 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xvii,  p.  228,  and  Vol.  xviii,  p.  133. 


DISCUSSION"    ON    FLOW    OF    WATER.  529 

place,  seems  to  assume  that  the  elevation  of  the  columns  in  the  piezom-  Mr.  trautwine. 
eters  might  properly  be  measured  from  the  top  of  the  pipe;  but  Pro- 
fessor Merriman*  remarks :  "  It  is  thought  that  the  elevation  should 
be  measured  to  the  center  of  the  section  rather  than  to  the  top." 
Prior  to  the  appearance  of  the  present  paper,  these  expressions  seem 
to  have  comprised  all  the  published  matter  on  the  subject.  The 
authors  have,  therefore,  rendered  valuable  service  in  entering  into  an 
elaborate  discussion  of  this  point  in  the  appendix  to  their  paper. 

In  Philadelphia,  where  the  Venturi  meter,  in  sizes  up  to  48  ins. , 
has  been  extensively  used,  experiments  have  been  made  comparing  the 
loss  of  head  through  different  meters,  the  Venturi  being  compared 
with  several  of  the  ordinary  mechanical  meters.  In  these  experiments 
the  Venturi  gave,  at  a  given  velocity,  much  less  resistance  to  flow  than 
any  of  the  others,  with  the  single  (and  somewhat  singular)  exception 
of  the  "Gem"  meter,  which,  at  high  velocities,  gave  even  a  shade  less 
resistance  than  the  Venturi. 

In  all,  the  resistance  increased  in  proportion  to  the  head,  or  to  the 
square  of  the  velocity. 

The  range  of  velocities  within  which  any  given  Venturi  meter  will 
Avork  satisfactorily  is  rather  limited,  and  it  is  important,  therefore,  to 
determine  in  advance,  to  what  range  of  velocities  the  main  in  question 
is  to  be  subjected,  and  to  design  the  throat  ratio  of  the  Venturi  ac- 
cordingly, a  high  throat  ratio  (throat  small  relatively  to  main)  being 
necessary  to  secure  sufficient  difference  between  the  piezometer  heights 
under  low  velocities,  and  a  low  throat  ratio  (throat  wide  relatively  to 
pipe)  being  required  to  avoid  throttling  or  "  wire  drawing  "  under  high 
velocities. 

Hence,  when  the  Venturi  is  placed  in  a  main  where  the  normal  veloc- 
ities are  low,  and  where  the  main  may  yet  be  occasionally  drawn  upon 
for  abnormally  high  velocities,  as  in  case  of  fire,  a  by-pass  should  be 
provided  in  order  that  the  Venturi  may  be  cut  out  of  service  at  such 
times  of  abnormal  demand. 

Henry  Goldmark,  M.  Am.  Soc.  C.  E. — In  the  Venturi  meter,  as  Mr.  Goldmark. 
used  at  Ogden,  there  are  four  piezometer  openings;  that  is,  a  complete 
chamber  surrounds  the  Venturi  tiibe,  and  this  chamber  is  tapped  for 
the  pressure  pipe,  but  communicates  with  the  interior  of  the  pipe,  at 
the  top,  the  bottom  and  the  two  sides. 

With  reference  to  Mr.  Henny's  discussion,  the  speaker  is  familiar 
with  some  matters  which,  perhaps,  deserve  mention.  One  is  with 
reference  to  the  amount  of  sand  that  could  have  been  brought  into 
the  pipe.  The  pipe  was  not  really  put  into  use  until  May,  1897,  and 
it  is  very  doubtful  whether  there  was  a  continuous  flow  through  it 
until  some  time  in  June.  The  exj^eriments  were  made  in  August,  so 
that  the  period  of  time  during  which  there  was  a  chance  for  sediment 
*  "  A  Treatise  on  Hydraulics,"  1889,  p.  1(51. 
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Mr.  Goldmaik.  to  enter  Avas  very  short.  It  is  true  that  the  blow-oflf  valves  would 
probably  not  remove  such  sediment.  It  is  also  true  that  the  so-called 
air-valves  were  not  intended  primarily  for  removing  the  air  which 
might  accumulate  at  summits.  Their  construction  is  such  that  the 
air  cannot  escape  automatically,  though  it  might  be  possible  to  release 
it  by  pressing  on  the  top  of  the  valves  with  a  bar.  It  would  not  be 
easy  to  do  so,  and  there  is  nothing  in  the  paper  to  show  that  it  was 
done  before  the  experiments  were  made.  The  main  purpose  of  these 
valves  was  to  act  as  a  safeguard  in  case  of  a  break  in  the  pipe,  as  they 
are  designed  to  admit  air  at  a  high  velocity  to  take  the  place  of  the 
water  flowing  off,  and  thus  jarevent  the  collapse  of  the  pipe. 

Mr.  Kuichling.  E.  KuiCHLiNG,  M.  Am.  Soc.  C.  E. — This  paper  is  an  extremely  valu- 
able addition  to  hydraulic  literature,  and  the  exjDeriments  described 
therein  can  fairly  be  ranked  with  the  best  that  have  yet  been  made 
with  large  pipes.  The  authors  appear  to  have  done  their  work  with 
close  attention  to  the  many  details  that  are  essential  to  accuracy,  and 
have  left  little  room  for  criticism.  Their  only  fault,  in  the  speaker's 
opinion,  consists  in  not  having  explained  sufficiently  the  reason  for 
having  adopted  a  uniform  value  of  13.60  for  the  specific  gravity  of  the 
mercury  which  they  used  in  their  manometers.  By  this  omission  they 
may  either  entrap  a  reader  of  the  paper  into  expressing  dissatisfaction 
with  this  value,  or  involve  him  in  a  tedious  examination  of  the  subject, 
inasmuch  as  the  authoi-s'  method  of  computing  the  equivalent  height 
of  a  column  of  water  from  the  observed  height  of  a  column  of  mercury 
appears  at  first  sight  to  be  somcAvhat  inaccurate. 

It  is  stated  in  the  paper  that  the  temperature  of  the  water  in  the 
pipe  ranged  from  16  '  to  18°  Cent.,  and  that  the  observed  heights  of  the 
mercury  columns  in  the  several  manometers,  at  various  other  tempera- 
tures not  given,  were  reduced  to  equivalent  heights  at  the  temperature 
0°  Cent. ;  also  that  these  latter  heights  were  then  multiijlied  uniformly 
by  the  specific  gravity  (13.60)  of  the  mercury,  in  order  to  obtain  the 
height  of  the  equivalent  water  columns  at  the  aforesaid  temperatures. 
Now,  to  those  who  are  aware  that  the  si^ecific  gravities  of  both  mercury 
and  water  vary  with  considerable  changes  in  the  temperature  of  these 
liquids,  this  manner  of  obtaining  the  equivalent  height  of  the  water 
cohimn  cannot  fail  to  appear  to  be  of  doubtful  accuracy.  On  further 
investigation,  however,  such  doubt  will  disappear,  particularly  when  it 
is  remembered  that  the  manometers  or  mercury  columns  are  not  used 
to  measure  great  differences  in  elevation,  but  only  the  comparatively 
small  losses  of  head  by  friction  in  the  large  pipe;  and  it  may  also  be 
remarked  incidentally  that  the  ingenious  manner  in  which  the  authors 
have  eliminated  the  constant  diflference  in  level  between  the  mano- 
meter stations,  and  left  in  view  only  the  friction  loss  of  head  in  the 
pijae,  is  worthy  of  unstinted  praise. 

When  an  open  mercury  colvxmn  is  used  to  determine,  from  the 
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Avater  pressure  in  a  pipe,  the  diflference  in  elevation  of  tlie  correspond-  Mr.  Kuiehling. 
ing  points  of  attachment,  it  becomes  necessary  to  pay  close  heed  to 
the  respective  temperatures  of  the  water  and  mercury,  and  perhaps 
also  to  calibrate  the  manometer  under  the  particular  conditions  of 
temperature  prevailing  at  the  time  of  the  observations.  As  already 
mentioned,  the  relative  specific  gravity  of  mercury  varies  with  the 
temperature,  and  to  exhibit  this  variation  within  the  range  of  temjiera- 
tures  usually  encountered  in  water-gauging  operations,  Table  No.  10 
is  submitted.  The  weights  per  cubic  foot  of  distilled  water  at  the 
different  temperatures,  given  in  column  3,  are  taken  from  the  care- 
fully prepai'ed  paper  on  the  subject  by  Mr.  A.  F.  Nagle,  M.E.,  I'ead 
before  the  American  Society  of  Mechanical  Engineers  in  May,  1892, 
and  the  weight  of  pure  mercury  at  U-  Cent.,  has  been  taken  at  848.75 
lbs.  per  cubic  foot,  as  given  by  all  well-recognized  authorities: 

TABLE  No.  10. — Exhibiting  Relative  Specific  Gravities  and 
Weights  per  Cubic  Foot  of  Mercury  at  Different  Tempera- 
tures; ALSO  Weights  per  Cubic  Foot  of  Distilled  Water  at 
Different  Temperatuties. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Tempera- 
ture. 

!C                      1 

■gtM    .     1 

"".  c8  ci  tl 

IPs 

s 

Oh 

•.^   3   S^  « 

■as- 
P 

Cent. 

Fahr. 

0° 

32" 

62.4162 

848.750 

13.5982 

848.750 

13.5982 

&*8.75 

13.5982 

4° 

39°.  2 

62.4250 

848.143 

13.5866 

848.139 

13.5865 

13.5936 

5° 

41' 

62.4229 

847.991 

13.5846    1 

847.986 

13.5845 

13.5968 

10' 

50° 

62.4074 

847.281 

13.5758    ; 

847.232 

13.5757 

13.6002 

15' 

59° 

62.3745 

846.472 

13.5708 

840.458 

13.5706 

■ 

13.6073 

20° 

68° 

62.3238 

815.714 

13.5697 

846.695 

13.5694 

13.6184 

25° 

77° 

62.2553 

844.955 

13.5724 

844  931 

13.5720 

13.6334 

30- 

86' 

62.1688 

844.198 

13.5791 

844.167 

13.5786 

13.6523 

35° 

95° 

62.0668 

843.440 

13.5892 

843.403 

13.5886 

13.6748 

Furthermore,  to  obtain  the  weight  of  1  cu.  ft.  of  mercury  at  other 
temperatures,  as  given  in  column  4,  use  was  made  of  Regnault's 
formula  for  the  cubical  expansion  of  mercury, 

^  =  ,.^  (1  +  0.000179007  I  +  0.0000000252  C-), 
Avhere  r^  and  r  are  the  volumes  at  0-  andP  Cent.,  respectively;  and  to 
compare  the  results  thus  obtained  with  those  derived  from  the  simple 

approximate  formula  used  by  the  authors,  viz. :  v  =  z. „  nfims/'  ^^^' 

umns  6  and  7  have  been  computed.  Column  9  gives  the  specific 
gravity  of  mercury  at  0°  Cent.,  relatively  to  water  at  the  various  other 
temperatures. 
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air.  Kuichling.  An  examination  of  the  last  column  shows  that  when  the  temjiera- 
ture  of  the  water  in  the  pipe  is  between  0°  and  15°  Cent.,  no  appreci- 
able error  will  be  made  by  using  the  constant  factor  13.60  (or  the 
relative  specific  gravity  of  mercury  at  0°  Cent.)  in  order  to  convert  a 
maximum  height  of  only  a  few  inches  of  mercury  at  0"^  Cent,  into  the 
equivalent  height  of  a  column  of  water  of  somewhat  higher  tempera- 
ture, as  was  done  by  the  authors.  If,  however,  the  manometers  were 
used  to  determine  the  difference  in  level  between  the  two  stations  with 
the  water  at  20°  Cent. ,  for  example,  the  use  of  the  factor  13. 60  instead 
of  13.6184  as  per  Table  No.  10,  would  cause,  with  a  mercury  column 
22.707  ft.  high,  an  error  of  0.418  ft.  in  the  equivalent  height  of  the 
water  column,  which  would  be  intolerable  in  so  short  a  length  of  pipe 
as  4  367  ft.  It  therefore  follows  that  for  exact  leveling  operations 
with  open  mercury  manometers,  either  the  correct  value  of  the  relative 
specific  gravity  of  the  mercury  must  be  used,  or  the  instruments  must 
be  carefully  calibrated  under  conditions  of  temperature  similar  to 
those  which  jjrevailed  during  the  observations.  In  general,  for  exact 
work,  such  a  calibration  is  preferable  to  the  use  of  the  aforesaid 
theoretical  factors  or  sijecific  gravities,  since  account  is  thereby  taken 
directly  of  any  impurities  in  both  the  water  and  the  mercury. 

An  instance  of  the  use  of  an  open  mercury  manometer  to  ascertain 
the  difference  in  level  between  two  jjoints  nearly  10.3  miles  apart  on  a 
water  conduit  may  perhaps  be  of  interest  in  this  connection.  The 
experiment  was  carried  out  under  the  writer's  direction  in  October, 
1897,  for  the  purpose  of  securing  a  check  upon  thi-ee  sets  of  levels, 
which  had  been  run  at  different  times  over  the  route  of  the  conduit  as 
correctly  as  possible  with  good  wye-levels,  and  which  did  not  agree 
with  each  other  as  closely  as  was  deemed  desirable  for  hydraulic 
observations.  The  difference  in  elevation  of  these  two  points  was 
about  57  ft.,  and  the  elevations  of  the  lower  point  given  by  the  levels 
were  -|- 248. 370,  +249.230  and -f  248. 550,  the  average  of  these  three 
elevations  being  +248.717,  and  the  difference  between  the  first  and 
second  being  0.86  ft.  The  manometer  was  accordingly  set  up  at  the 
lower  station  several  hours  before  readings  were  commenced,  so  that 
the  mercury  had  ample  time  to  acquire  the  same  temperature  as  the 
air,  and  it  was  also  placed  so  as  to  remain  shaded;  but  as  the  day  was 
cloudy,  this  precaution  was  not  necessary.  A  good  aneroid  barometer 
was  likewise  provided  at  each  station,  in  order  to  note  whether  any 
appreciable  differences  in  the  atmospheric  pressure  occurred.  No 
such  difference,  however,  was  found.  Observations  were  begun  about 
half  an  hour  after  the  outlet  valve  of  the  conduit  was  closed,  and  were 
continued  at  frequent  intei-vals  during  a  period  of  46  minutes,  in 
which  the  mean  temperature  of  the  air  (and  presumably  also  the 
mercury)  was  7°  Cent.,  while  that  of  the  water  was  15°  Cent.,  and  the 
lieight  of  the  mercury  column  was  4.170  ft.     At  these  temperatures 
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the  relative  specific  gravity  of  mercury  is  13.5903,  so  tliat  tlie  corre-  Mr.  Kuichling. 
sijonding  height  of  the  water  column  was  56.6716  ft.;  and  by  using 
this  value  along  Avith  the  other  data  pertaining  to  the  case,  the  true 
elevation  of  the  lower  point  becomes  +  248. 788.  On  the  other  hand, 
if  the  simpler  approximate  method  of  reduction  adopted  by  the  aiithors 
had  been  followed  in  this  case,  the  comj^uted  height  of  the  water 
column  would  have  been  56.6406  ft.,  thus  making  the  requii-ed  eleva- 
tion 0.031  ft.  less. 

It  may  also  be  remarked  that  the  foregoing  manometric  leveling 
operation  was  subsequently  checked  by  a  direct  calibration  of  the 
gauge,  with  the  mercury,  water  and  air  all  at  a  practically  uniform 
temperature  of  7^  Cent.,  the  instrument  with  its  attached  thermometer 
being  jaacked  in  cotton  waste  which  was  kept  saturated  with  a  small 
stream  of  water  from  a  favicet.  The  relative  specific  gravity  of  the 
mercury  thus  found  agreed,  up  to  the  fifth  decimal  place,  with  that 
which  was  computed  in  the  manner  set  forth  in  Table  No.  10,  and 
hence  the  terminal  elevation  mentioned  has  been  accepted  as  coi'rect, 
the  inference  being  that  both  the  water  and  the  mercury  were  practi- 
cally pure  and  followed  exactly  the  indicated  laws  of  variation  in 
weight  per  imit  of  volume  with  changes  in  temi3erature.  It  should 
also  be  added  that  the  manometric  work  above  described  was  supple- 
mented, on  the  remaining  9.4  miles  of  the  conduit,  by  the  direct 
observation  and  measurement  of  the  static  head  of  water  as  its  surface 
stood  exjjosed  in  a  piezometer  vessel  located  on  the  hillside  at  the 
lower  end  of  the  section;  but  as  the  further  details  of  this  case  ai'e  not 
pei'tinent  to  the  svibject  under  discussion,  they  are  accordingly 
omitted. 

In  their  summary  of  available  data  relating  to  riveted  pipes,  the 
authors  reach  the  conclusion  that  "  for  conduits  of  36  ins.  diameter  or 
over,  it  is  unsafe  to  count  on  a  value  of  c  greater  than  110  for  new 
pipes";  and,  •'  if  there  are  frequent  or  sharj:)  bends  the  coefficient  will 
doubtless  be  still  less."  Without  desiring  to  criticise  this  general 
statement,  the  speaker  ventures  to  express  the  belief  that  by  taking- 
proper  account  of  the  various  resistances  to  the  flow  of  the  water 
which  are  peculiar  to  riveted  pipes,  the  values  of  the  coefficient  c  will 
become  much  less  discordant  than  they  now  appear.  No  good  reason 
can  be  given  "why  there  should  be  more  friction  on  a  smooth  asphaltic 
coating  of  a  steel  plate  than  on  the  similar  pitch  coating  of  a  cast-iron 
pipe,  or  on  the  smooth  and  bare  surface  of  a  well-made  wooden  pipe ; 
but  when  it  is  considered  that  the  riveted  pipe  presents  on  its  interior 
a  vast  number  of  projecting  rivet  heads  and  plate  edges,  all  of  which 
represent  variations  in  the  diameter  of  the  conduit  and  consequent 
small  losses  of  head;  also  that  changes  in  direction  must  necessarily 
be  made  by  a  series  of  abrupt  deflections  instead  of  by  continuous 
curves  of  large  radius,  it  is  not  surprising  to  find  a  marked  diflference 
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Mr.  Kuichling.  in  the  value  of  c  in  favor  of  cast-iron  or  wooden  i3ipes.  If,  however, 
these  numerous  small  resistances  or  losses  of  head  in  a  riveted  pipe 
are  properly  estimated  and  deducted  from  the  observed  total  head  or 
fall,  so  as  to  place  such  a  conduit  on  a  comparable  basis  with  a  similar 
line  of  cast-iron  or  wooden  pipe,  it  will  doubtless  be  found  that  the 
differences  in  the  resulting  values  of  c  will  be  quite  small. 

The  truth  of  this  statement  is  demonstrated  by  the  following  in- 
vestigation of  some  of  the  new  data  submitted  by  the  authors,  and  of 
certain  other  data  relating  to  the  new  38-in.  riveted  steel  conduit  of 
the  Rochester  water-works.  The  Ogden  steel  pipe  is  of  practically 
uniform  diameter  throughout;  its  length  of  4  367  ft.  between  the  two 
manometer  stations  of  the  authors  being  presumably  made  up  of  about 
469  straight  sections  of  110  ins.  each,  and  27  short  beveled  or  angle 
sections  of  about  35  ins.  each,  as  deduced  from  the  description  of  the 
work  by  Henry  Goldmark,*  M.  Am.  Soc.  C.  E.  Furthermore,  these 
496  sections  have  a  mean  internal  diameter  of  72.22  ins.,  and  are  con- 
nected by  means  of  butted  joints  with  broad  external  round  straps 
10.5  ins.  wide,  each  having  four  rows  of  rivets,  so  that  in  said  length 
there  are  at  least  1  984  circular  rows  of  rivets  with  heads  projecting 
inside.  It  also  appears  that  there  are  on  the  average  62  rivets  in  each 
row,  the  mean  diameter  of  the  rivets  being  1  in.,  and  the  sectional  area 
of  the  conical  head  of  such  a  rivet  being  at  least  0.80  sq.  in.,  thus 
presenting  at  each  row  an  aggregate  internal  obstructing  area  of  not 
less  than  50  sq.  ins.,  which  is  equivalent  to  a  continuous  ring  or  in- 
ternal fillet  0.22  in.  thick.  The  27  angle  sections,  moreover,  each  cause 
an  abrupt  deflection  of  4.5*^',  so  that  the  total  curvature  in  the  line  of 
the  pipe  amounts  to  121.5  degrees.  Account  should  jjroperly  also  be 
taken  of  the  appreciable  obstruction  of  11  sq.  ins.  of  sectional  ai'ea 
caused  by  the  internal  straps  and  projecting  heads  of  the  six  rows  of 
rivets  of  the  butted  longitudinal  or  straight  seams,  but  it  is  here 
omitted  for  the  sake  of  brevity. 

Now,  from  the  elementary  i^rinciples  of  hydraulics,  as  set  forth  by 
standard  authorities,  the  losses  of  head  caused  by  interior  constric- 
tions or  diaphragms  in  a  pipe,  and  by  abrupt  angular  deflections 
thereof,  as  well  as  by  sudden  enlargements  of  diameter,  such  as  occur 
when  the  ends  of  the  cylindrical  sections  overlap  instead  of  being 
butted  together,  are  all  susceptible  of  computation,  and  it  is  usual  to 
express  these  losses  in  terms  of  the  height  or  head  due  to  the  mean 
velocity  of  discharge.  Unfortunately  the  necessary  empirical  data  avail- 
able for  such  computations  have  all  been  derived  from  experiments 
with  small  pipes,  but  as  no  others  are  at  hand,  their  accuracy  may 
be  tested  by  applying  them  to  the  cases  of  the  Ogden  and  Rochester 
conduits;    and  if  the  results  so   obtained  yield  ultimate  values   for 

the  coefficient  c,  in  the  Chezy  formula  v  ^  c  s/r  s,  which  are  in  close 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  246. 
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accord  with  the  values  of  c  for  smooth  cast-iron  or  wooden  jiipes,  it  Mr.  Kuichling. 
must  follow  that  such  available  data  are  approximately  correct,  and 
also  that  by  their  use  many  existing  uncertainties  and  incongruities  in 
the  discharge  of  riveted  j)ipes  may  be  eliminated. 

With  this  end  in  view,  use  has  been  made  of  the  data  afforded  by 
experiment  No.  28  of  the  authors,  in  conjunction  with  the  other  de- 
tails above  excerpted  and  deduced  from  Mr.  Goldmark's  paper.  The 
Ogden  pipe  should,  in  the  writer's  opinion,  be  considered  as  px*acti- 
cally  made  with  four  low  con-  ^^^^^^^^^^^^^^^ 
sti'ictions  or  internal  fillets  \ 
(representing  the  equivalent 
sectional   area   occupied  by  the  ( 

rivet  heads)  at  every  round  joint,    \ ' 

each  of  which  jjroduces  a  certain 

loss  of  head;  and  with  reference 

to    the   notation   indicated   in   Fig.    18,    we 

elements : 

Mean  internal  diameter  of  pipe,  d^  =  72.22  ins. 

Mean  internal  diameter  of  constriction  or  fillet,  c/2  =  71.78  ins. 

Ratio  ni  of  area  A2  to  area  A^,  m  =  0.98785. 

Number  of  fillets,  v^  =  1984. 

Number  of  abrupt  4  "  30'-deflections,  n.,  =  27. 

Length,  /  =  4  367  ft. 


n 


M 


d, 

with 

A. 


d, 

with 

A, 


Fig.  18. 
will   have 


the   following 


Total  observed  loss  of  head 
Mean  velocity  of  discharge, 
Mean  hydraulic  radius,  r  = 


h  =  3.386  ft. 
V  =  3.846  ft. 
1.50458  ft. 


Observed  hydraulic  slope,  s  =  —  =  0.00077536. 

Whence  the  deduced  value  of  c,  in  »  =  c  ^  i-  s,  is  c  =^  112.60.  For 
the  loss  of  head  k^,  due  to  each  constriction,  all  the  standax'd  text- 
books on  hydraulics  give  Weisbach's  formula : 

in  Avhich  a  is  an  empirical  coefficient  varying  with  the  ratio  m  =  -^ 

and  capable  of  expression  within  the  limits  m  =  0.8  and  m  =  1.0  by 
approximately:  a  =  1.225  +  1.45  ?u^  —  1.675  ?7i,  as  deduced  from 
Weisbach's  figures  by  the  Avriter.  Substituting  therein  the  above 
values  of  m,  n  and  r,  and  taking  '1  g  =  64.293  sec. -ft.,  corresponding 
to  the  latitude  of  Ogden  and  its  elevation  of  4  307  ft.  above  sea  level, 
there  resxilts  a  =  0.98533,  and  the  aggregate  loss  of  head  by  1  984  con- 
strictions n^  \  =  0.34196  ft. 

For  the  loss  of  head  due  to  the  27  abrupt  deflections  of  the  angle 
sections,  each  of  <p  =  4^  30',  we  must  also  have  recourse  to  Weis- 
bach's formula: 


Mr.  Kuichling, 
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h.,  =   (o.9157  sin- 1  +  2.047  sin^  |  )  |^' 

which  gives  n.,  h.^  =  0.00909  ft. 

The  total  computed  loss  of  head  from  these  two  sources  of  resist- 
ance to  the  flow  of  water  through  the  pipe  iis  therefore  n^  Jji  +  ''2  ^'2  — 
0.35105  ft.,  or  o\^er  10  %  of  the  total  observed  loss  of  head,  so  that  the 
head  left  to  overcome  the  friction  on  the  asphalt  coating  of  the  pipe 
is  h}  =  h  —  0.35105  =  3.03495  ft. ;  and  compixtiug  therewith  the  value 
of  c,  so  as  to  bring  about  a  fair  comparison  with  the  smooth  wooden 
pipe  or  with  a  similar  line  of  cast-iron  pipe,  we  obtain  c'  =  118.94  ; 
whereas  the  omission  of  the  above-named  losses  causes  this  coefficient 
to  become  c  =^  112.60.  Now,  from  the  authors'  experiments  Nos.  40, 
44,  45  and  46  on  the  wooden  pipe,  in  which  the  velocities  were  nearly  as 
great  as  in  experiment  No.  28  on  the  riveted  steel  pipe,  the  average 
value  of  c  is  c  =  125.5,  and  by  rejecting  the  highest  value  of  c  in  this 
series  the  average  is  c  =  123.67;  hence  it  follows  that,  by  properly 
taking  into  account  the  aforesaid  losses  of  head  in  the  steel  conduit, 
which  are  not  present  in  the  wooden  conduit,  the  difference  between 
the  computed  values  of  c  is  greatly  reduced. 

It  may  also  be  noted  that  this  small  difference  can  readily  be 
attributed,  both  to  the  retarding  influence  of  the  corrugations  or 
wrinkles  in  the  asphalt  coating  of  the  steel  pipe,  and  to  the  reduction 
of  the  sectional  area  of  the  pijae  by  the  interior  longitudinal  strap  and 
rivet  heads  already  mentioned.  Such  corrugations  appear  to  be  un- 
avoidable in  the  usual  process  of  coating  pipes  by  dijjping  them  once 
or  twice  in  a  bath  of  melted  asphalt,  as  will  be  seen  from  Figs.  1  and 
2,  Plate  XL,  which  are  from  photographs  of  the  interior  of  one  of 
the  38-in.  and  60-in.  pipes  of  the  new  Rochester  conduit;  and  if  the 
relatively  small  constrictions  made  by  the  interior  rivet  heads  of  the 
round  seams  produce  a  loss  of  more  than  10%  of  the  total  head,  as 
above  computed,  it  cannot  be  doubted  that  the  effect  of  the  vastly 
targer  number  of  smaller  constrictions  represented  by  the  corruga- 
tions of  the  coating  will  become  appreciable.  It  is  therefore  to  be 
anticipated  that  the  ultimate  value  of  c  in  a  steel  pipe,  coated  in  the 
usual  manner  by  dipping  in  a  bath  of  asjjhalt,  and  after  eliminating 
all  other  special  resistances  as  above  indicated,  will  be  somewhat  less 
than  in  a  smooth  wooden  pipe. 

Proceeding  next  to  the  consideration  of  the  first  or  upper  section 
of  the  38-in.  Rochester  conduit,  the  following  elements  are  available 
from  the  construction  data  and  the  carefully  made,  first  gauging  of 
the  discharge  on  October  4th,  1895,  when  the  average  age  of  the  pipe 
Avas  1.79  years.  In  this  case,  however,  all  the  round  seams  are 
lapped,  and  j^rovided  with  only  a  single  row  of  rivets,  except  for  a 
length  of  about  200  ft.,  at  every  junction  where  the  plate  thickness  is 
varied,  the  round  seams  then  being  made  with  two  rows  of  rivets. 
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Tlie  general  style  of  construction,  as  well  as  the  notation,  is  indicated  Mr.  Kviichlins 
in  Fig.  19,  and  we  have: 

Internal  diameter  of  inside  courses  or  sections,  d^  =  38  ins. 

Average  plate  thickness  =  0.27129  in. 

Average  diameter  of  rivets  = 
0.6676  in. 

Average  sectional  ai-ea  of  rivet 
head  =  0.35215  sq.  in. 

Average  number  of  heads  in 
roiand  seams  =  76.354. 

Average  area  occujiied  by  in- 
terior rivet  heads  in  each  round  seam  =  26.888  sq.  ins. 

Equivalent  thickness  of  constriction  or  fillet  =  0.2265  in. 

Resulting  constricted  diameter,  c/,  =  37.547  in. 

Total  number  of  round  rows  of  rivets  or  equivalent  fillets,  Wj  = 
14.143. 

Average  internal  diameter  of  outside  courses  or  sections,  (L  = 
38.5426  ins. 

Total  number  n,  of  abrupt  enlargements  of  diameter  from  c?j  to  d^ 
=  6  700. 

Ratio  of  area  A^  to  area  Jj,  m^  =  0.97629. 

Ratio  of  area  A^  to  area  A.,^,  m.-,  =^  0.97204. 

Total  number  of  uniform  deflections  of  qjy  =  2-  43'  19"  for  hori- 
zontal and  vertical  curves  is  914. 

Same  for  0.,  =  1°  21'  51"  is  96. 

Same  for  average  of  (p.,^  —  1"  48'  48"  for  small  irregular  angles 
is  311. 

Total  length  of  pipe  between  jjoints  of  observation,  /  =  91  640.83 
ft.,  of  which  87.21  ft.  consists  of  nominally  36-in.  cast-iron  pipe,  special 
castings  and  stop-valves,  whose  actual  least  internal  diameters  range, 
however,  from  36  to  38  ins.,  together  with  one  36-in.  curve  having  a 
mean  radius  of  12  ft.,  and  central  angle  cp^  =  9^. 

Total  observed  loss  of  head,  including  height  due  to  velocity  and 
entrance,  h  =  91.053  ft. 

Mean  velocity  of  discharge,  v^  =  3.2733  ft. 

Mean  hydraulic  radius,  referred  to  inside  coiirses,  7-^  =  0.79167  ft. 

Observed  hydraulic  slope,  s  =^  ~  =  0.00099359. 

Whence  the  deduced  value  of  c  in  >\  =  c  V'  r,  s  is  c  =  116.71. 
Furthermore,  for  the  given  latitude  and  elevation,  '2  g  =  64.328. 
Computing  as  above  the  losses  of  head  due  to  the  constrictions 
and  abrupt  angular  deflections,  we  find:  a^  =  0.97177; 
/I  \2  «  2 

H,  hi  =  Hi  ( 1  )  -— L  =  6.87968  ft. ; 

and  the  aggregate  loss  by  the  aforesaid  deflections,  as  well  as  the 
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Mr.  Kuichling.  cast-iron  curve,  ^  h.2  =  0.09744  ft.      For   tlie   loss   of  head   by   the 
abrupt  enlargements  of  diameter  from  d^  to  d^,  the  usual  formula  is : 

•^       \  Jg/   2  g       ^  -'2  f/ 

from  which  there  follows:  %  h-^  =  0.87222  ft.;  and  Anally,  for  the 
velocity  head  and  the  loss  of  head  caused  by  the  passage  through  ten 
stop-valves  and  special  castings,  we  have  respectively,  0.16656  ft., 
and  0.13910  ft.  The  sum  of  all  these  losses  of  head  is  8.1.55  ft.,  which 
being  subtracted  from  the  total  observed  head  or  fall,  leaves  for  the 
available  head  to  overcome  the  friction  on  the  asphalt  coating:  h^  = 
h  —  8.155  =  82.898  ft.  With  this  fall  the  corrected  value  of  the 
coefficient  c  for  the  steel  pipe,  when  divested  of  the  several  special 
resistances  above  enumerated,  becomes  c^  =  122.32.  Now,  from  two 
equally  careful  gaugings  made  on  October  17th  and  November  7th, 
1895,  of  the  second  section  of  the  Rochester  conduit,  whose  upper 
l^art  consists  of  924  ft.  of  36-in.  cast-iron  pipe,  the  values  of  the  co- 
efficient c  in  the  latter  for  velocities  of  4.204  and  4.234  ft.  per  second 
were  found  to  be,  respectively,  129.45  and  125.25,  the  loss  of  head  in  a 
length  of  889.57  ft.  of  said  pipe  being  determined  separately  from 
open  piezometers;  hence  in  this  case  also,  the  difference  between  the 
values  of  c  for  cast-iron  and  riveted  steel  pipes  becomes  quite  small 
when  proper  allowance  is  made  for  the  losses  of  head  peculiar  to  the 
latter  kind  of  pipe. 

It  may  also  be  mentioned  that  the  above  mode  of  computation  was 
applied  by  the  writer  to  a  few  other  cases  of  new  riveted  pipe  where 
accurate  data  have  recently  become  available,  with  results  similar  to 
those  above  set  forth;  and  he  is  therefore  inclined  to  believe  that  the 
empirical  coefficients  deduced  by  Weisbach  from  experiments  with 
constrictions  in  small  pipes  are  approximately  a^jplicablo  to  large 
pipes.  At  all  events,  the  foregoing  computations  relating  to  the  6-ft. 
Ogden  pipe  and  the  38-in.  Rochester  conduit,  appear  to  confirm  this 
view  quite  strongly.  Experienced  hydraulicians  will,  however,  prefer 
to  make  use  of  coefficients  derived  from  experiments  on  a  large  scale; 
and,  as  the  subject  is  of  great  commercial  importance,  it  is  hoped 
that  suitable  investigations  of  the  losses  of  head  due  to  rivet  heads, 
constrictions,  deflections  and  abrupt  enlargements,  as  indicated 
above,  will  soon  be  undertaken  and  published.  Engineers  will  then 
be  able  to  make  much  more  intelligent  analyses  of  complex  hydraulic 
problems,  and  less  room  for  error  will  occur  in  the  choice  of  a  proper 
"coefficient  of  roughness"  for  pijjes.  In  fact,  it  is  manifestly  tmfair 
to  make  use  of  such  a  coefficient  excei^t  in  cases  where  exactly  similar 
conditions  prevail,  or  where  the  influence  of  special  disturbances  has 
been  eliminated,  as  was  done  in  the  preceding  instances  of  new  con- 
structions. After  incrustations  of  rust,  sediment,  organic  growths, 
«tc.,  have  made  their  appearance  on  the  interior  of  a  pipe,  other  con 
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ditious  arise  which  are  probably  altogether  too  complicated  to  admit  Mr.  Kuiciiiing 
of   initial   computation,  and   in    such    cases  the  results  of   practical 
experience  alone  must  govern. 

In  illustration  of  these  latter  remarks,  the  writer  cites  the  results 
of  several  subsequent  gaugings  of  the  36- in.  cast-iron  pipe  in  the  sec- 
ond section  of  the  Rochester  conduit,  referred  to  above.  As  already 
stated,  the  values  of  the  coefficient  c  found  from  the  observations  of 
October  17th  and  November  7th,  1895,  when  the  pipe  was  still  com- 
paratively new,  were,  respectively,  129.45  and  125.25;  while  from  the 
tests  made  on  July  28th,  November  11th  and  November  19th,  1897, 
and  on  June  4th,  1898,  said  coefficient  was  found  to  have  fallen  to 
99.22,  66.84,  66.24  and  70.23,  respectively;  the  cause  of  the  great  de- 
crease probably  being  the  profuse  development  of  organic  growths  in 
the  pipe  at  the  intermediate  storage  reservoir,  where  both  the  pressure 
and  the  normal  velocity  of  flow  are  quite  small.  In  contrast  with 
these  values  of  c  for  the  originally  smooth  and  clean  cast-iron  pipe 
may  be  placed  the  corresponding  vahies  of  c  for  the  succeeding  long 
line  of  38-iu.  riveted  steel  pipe,  which  were,  respectively,  on  the  dates 
mentioned:  109.35,  109.07,  106.11,  107.11,  106.46,  and  105.65.  It 
should  also  be  noted  that  these  figures  refer  only  to  the  second  section 
of  the  condiiit,  in  which  the  conditions  differ  somewhat  from  those  in 
the  iirst  section  previously  considered. 

In  connection  with  the  various  resistances  to  motion  in  lap-jointed 
steel  pipes,  mention  may  likewise  be  made  of  the  loss  of  head  caused 
by  the  passage  of  the  water  from  the  "outside"  to  the  "inside" 
courses,  or  from  the  section  A.j  to  A^,  Fig.  19.  No  computation  of 
this  loss  was  made  by  the  writer,  inasmuch  as  reliable  empirical  data 
therefor,  with  small  dift'erences  of  A-i  and  ^4j,  are  not  yet  available,  also 
because  such  loss  appears  to  be  insignificant  in  comparison  with  the 
loss  due  to  enlargement  of  section,  or  the  jjassage  from  A^  to  A.^^;  and 
it  is  also  probable  that  such  loss  is  compensated  by  the  slight  ad- 
vantage of  flow  gained  in  the  larger  sectional  areas  of  the  outside 
courses.  Another  imjaortant  element  is  the  deformation  or  flattening 
of  a  large  riveted  pipe  made  of  thin  plates,  by  the  weight  of  the  earth 
covering,  in  places  where  the  internal  water  pressure  is  too  small  to 
insure  a  full  cylindrical  cross-section.  While  this  point  does  not 
apply  to  the  Ogden  pipe,  where  the  jjressures  are  very  great,  it  is 
nevertheless  pertinent  to  several  other  riveted  conduits  cited  by  the 
authors,  and  is  of  appreciable  influence  in  the  resulting  values  of  the  co- 
efficient c.  Such  a  flattening  produces  a  reduction  of  sectional  area  while 
the  wetted  jseri meter  remains  constant,  and  hence  causes  a  decrease  in 
the  value  of  the  mean  hydraulic  radius  /■,  which,  if  diily  taken  into 
account,  increases  the  value  of  c,  as  shown  by  the  following  examiDle: 

The  paper  on  "The  Distortion  of  Riveted  Pipe  by  Back-Filling,"  by 
D.  D.  Clarke,  M.  Am.  Soc.  C.  E. ,"  cites  the  case  of  a  new  42-in.  steel 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  93. 
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Mr.  Kuichling.  pipe,  whose  original  vertical  diameter  was  reduced  at  some  points 
about  4  ins.  by  the  weight  of  the  superincumbent  earth.  This  reduc- 
tion is  nearly  10%"  of  the  initial  diameter,  and  produces  an  apj^reciably 
smaller  sectional  area.  To  investigate  the  case  generally,  let  it  be 
assumed  that  the  flattened  circle  becomes  an  ellipse  with  an  area  A^, 
a  constant  circumference  vr  d^  and  a  vertical  minor  axis  d^,  the  diame- 

d 
ter  of  the  original  circle  being  t/y  and  its  area  /4^,;  also  let  w  =  —  and 

m  =  -1. 
Then 


■-(4-3,.)^    1+  Ji  +  «("-25») 


Furthermore,  for  any  given  discharge  Q  through  the  pipe, 

_  Q  =  A)  ^0  =  ^0  Co  Vn^,  or   Q  =  A^v^:^  AiC^V  r^^ 
according  as  the  section  is  a  circle  or  an  ellipse;  and  since 


there  follows : 


■"n         -I  A I  V,        A^ 

— ~  and  r,  =  — )-,  or  -'=—*=  m, 

Tt  «„  n  d,,  7-„       A,, 


'1  c,  =  ^-c„ 


Now,  for  a  reduction  of  10%"  in  vertical  diameter,  or  for  t/,  —  0.9  (/q, 

n  =  0.9  and  m  =  0.9857,    whence  —  =  1.022  and  c^  =  1.022  G^^^,  thus 

showing  that  for  such  a  deformation  or  flattening  of  the  j^ipe  the  co- 
efficient Cj  becomes  2.2j'^(;'  greater  than  for  the  truly  circular  pipe. 

Doubtless  the  foregoing  refinements  of  computation  will  appear 
trivial  to  many  engineers  who  are  accustomed  to  dealing  with  ample 
margins  of  safety  in  the  design  of  public  works,  but  they  become  ne- 
cessary when  comparisons  are  made,  either  with  the  view  of  establish- 
ing imjH-oved  data  for  future  guidance,  or  to  arrive  at  fundamental 
jirinciples,  such  as  the  proper  value  of  the  coefficient  c  for  difterent 
classes  of  surface. 

In  conclusion,  the  writer  desires  to  avail  himself  of  this  opportu- 
nity to  correct  a  numerical  error  which  was  inadvertently  allowed  to 
appear  in  one  of  his  published  repoi'ts,*  and  which  was  quoted  by  the 
authors  in  their  paper  at  page  504.  The  experiments  referred  to  were 
made  in  June  and  October,  1896,  on  the  lower  half  of  the  first  section 
of  the  new  Rochester  conduit,  the  length  of  38-in.  riveted  steel  pipe 
here  involved  being  46338.76  ft.,  or  8.776  miles,  instead  of  34  468  ft., 
or  6.53  miles,  while  the  total  fall  or  loss  of  head,  as  computed  from 
manometric  observations  at  the  lower  end,  ranged  from  0.922  to  8.391 
ft.,  instead  of  1.08  to  6.95  ft.     For  the  whole  series  of  experiments, 

*  Report  of  Executive  Board  of  Rochester,  N.  Y.,  for  1896. 
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the  value  of  c  ranged  from  69.496  to  112.154,  with  an  average  of  101.78  Mr.  Kukhiing. 
instead  of  99.04 ;  but  by  excluding  the  three  lowest  values  of  c,  which 
relate  to  the  three  smallest  velocities,  namely,  v  =  0.276,  0.489  and 
0.612  ft.  per  second,  the  average  value  becomes  c  =  107.35  ;  further- 
more, by  taking  into  account  only  the  five  experiments  which  were  of 
longest  duration  and  wherein  the  velocities  ranged  from  0.758  to  1.223 
ft.  per  second,  the  average  value  of  c  becomes  c  =  105.12. 

It  should  be  noted  that  this  series  of  gaugings  was  made  to  find 
the  discharge  through  the  said  portion  of  the  conduit  for  different  de- 
grees of  opening  of  the  8-in.  by-j^ass  valve  on  a  36-in.  stop-valve  lo- 
cated at  the  upper  end  of  said  portion,  the  large  valve  remaining 
closed.  The  various  discharges  and  velocities  in  the  conduit  were 
computed  from  the  observed  rise  of  the  water  in  the  large  storage 
reservoir  at  the  lower  end  of  said  portion  during  periods  of  from  4. 2 
to  13.6  hours,  with  the  addition  thereto  of  both  the  observed  evapora- 
tion from  the  water  surface  during  such  periods  and  the  previously 
measured  rate  of  percolation  or  leakage  of  the  reservoir  when  all  the 
inlet  and  outlet  gates  thereof  were  tightly  closed,  so  as  to  obtain  the 
gross  delivery  of  the  pipe.  The  greatest  computed  velocity,  1.223  ft. 
per  second,  occurred  when  the  said  8-in.  by-pass  valve  was  wide  open  ; 
and  the  resulting  average  values  of  c  above  mentioned  may  be  com- 
pared with  the  following  values  of  c  for  the  entire  length  of  91  640.83 
ft.  of  the  first  section  of  the  conduit,  as  found  at  various  times  for  full 
flow  under  existing  conditions  of  restricted  discharge  at  the  reservoir  : 
October  4th,  1895,  v  =  3.2733  ft.  per  second,  and  c  =  116.71  ;  Decem- 
ber 23d,  1895,  V  =  3.2308  and  c  =  114.05  ;  July  23d,  1897,  v  =  3.2482 
and  c  =  115.50  ;  November  18th,  1897,  v  =  3.1481  and  c  =  112.04. 

To  comijlete  this  correction  of  error  in  the  report  mentioned,  it 
should  also  be  added  that  the  mean  value  of  the  coefficient  c,  there 
stated  to  have  been  found  in  1895  for  the  entire  first  section  of  the 
conduit,  should  be  c  =  115.38  instead  of  109.25,  which  latter  refers  to 
the  second  section.  The  details  of  these  experiments  were  not  pub- 
lished, owing  to  the  discordances  in  the  resulting  values  of  c,  which 
were  apparently  due  to  slight  errors  of  observation  with  the  mercury 
manometer,  as  in  the  case  of  the  Ogden  experiments  ;  also,  because  it 
was  intended  to  repeat  the  observations  with  the  utmost  care,  and 
extend  them  over  longer  periods  of  time. 
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CORRESPONDENCE. 


Mr.  Adams.  Akthuk  L.  Adams,  M.  Am.  Soc.  C.  E.— The  great  disparity  in  the 
results  obtained  from  the  experiments  on  the  steel  pipe,  especially  for 
velocities  of  less  than  2  ft.  per  second,  are  discouraging  to  any  attempt 
at  analytical  study.  More  particularly  is  this  true  because  of  the 
unlooked-for  difficulty  with  the  mercury  gauge  having  cast  some  doubt 
U23on  the  reliability  of  the  results. 

The  figures  obtained  from  the  stave  pipe  exj^eriments  are  much  more 
harmonious  for  velocities  exceeding  1]  ft.  per  second.  It  would  sepm 
that  a  much  greater  length  of  pipe  than  2  700  ft.  might  have  been  used 
to  good  advantage,  especially  since  a  direct  measurement  of  heads  could 
not  be  made  by  water  jjiezometers,  there  being  no  better  way  of  elimi- 
nating the  eflfect  of  the  usual  iincertainties  arising  in  the  reading  of  the 
gauges  and  from  other  causes.  The  writer  always  feels  disposed  to 
give  weight  to  such  experiments,  when  conducted  with  reasonable  care, 
nearly  in  projiortion  to  the  length  of  the  line  experimented  on. 

The  results,  as  a  whole,  are,  in  a  measure,  siirjn-ising.  Most  recent 
experiments  have  tended  to  cause  the  lowering  of  i^reviously  conceived 
ideas  of  the  probable  values  for  c  in  the  formula  r  =.  v  \/  r  s  when 
applied  to  single-lap  riveted  pipes  of  large  diameter.  Indeed  engi- 
neers are  probably  quite  prepared  for  the  receipt  of  further  evidence 
that  the  value  of  c  in  pipes  of  this  type  is  nearly  independent  of  the 
diameter  and  also  of  the  velocity  when  the  latter  exceeds  about  2}  ft. 
l)er  second;  but,  that  a  smooth  cylindrical  pipe  without  any  abrupt 
deflections  or  internal  projections,  such  as  the  stave  pipe  experimented 
upon,  should  give  no  greater  values  for  c  than  those  presented  (values, 
by  the  way,  which  are  considerably  less  than  have  frequently  been 
obtained  with  clean  cast-iron  pipes  of  large  diameter  and  from  stave 
pipes  of  much  smaller  diameter),  it  is  believed  will  scarcely  be  in  ac- 
cord with  the  previously  conceived  opinions  of  many  engineers. 

While  the  number  of  actual  experiments  heretofore  made  to  deter- 
mine values  of  c  suitable  for  stave  jjipes  are  exceedingly  limited,  as 
has  been  pointed  out  by  the  author,  yet  the  numerous  experiments 
on  open  and  closed  channels  having  uniformity  in  section  and  in  con- 
dition of  inner  surface  as  to  roughness,  though,  i^erhajis,  to  a  degree 
less  i^erfect  than  usually  exists  in  a  stave  pipe,  have,  in  almost  all 
cases,  within  the  limits  of  customary  use,  shown  an  increase  in  the 
value  of  c  with  each  corresponding  increase  in  the  value  of  r.  The 
experiments  described  by  the  authors  do  not  indicate  that  such  a  law  of 
increase  applies  to  pipe  as  large  as  6  ft.  in  diameter,   j 

The  results  will,  doubtless,  be  of  value  in  finally  determining  a  for- 
mula which  shall  be  better  adapted  to  pijDes  of  this  class  than  any  at 
present  used,  but  the  writer  feels  that  final  judgment  in  this   matter 


CORRESPONDENCE    ON   FLOW    OF    WATER. 


543 


3AnvA  ivonJ 


39ll>H3SI9j. 

Qiivnoiriv 


-X 1U_Q._ 


5  > 


1 

P\ 

OOO'OI 

y 

^.\lc 

\ 

ooo'os 

ooo's 

X 

•" 

^ 

? 

— V     ;  OOO'SS 

OOO'f 

^ 

4 

OOO'fo 

c^4 

L 

000'9 

~x 

1 

1 

OOO'Slo 

•<= 

i:^^ 

ooo's 

• 

^^ 

t,4 

—r 

^_^- 

— 'OOU'SB 

OOO'OI 

• 

=> 

* 

OOO'OS 

000'?! 

' 

1 

^ 

000  28 

OOO'Tt 

^ 

1 

-JOOO'tK 

OOO'fll 

,^^ 

^7^ 

3 

1 

000'9E 

OOO'SI 

aaawvHO  mom 

V 

c 

OOO'iE 

i 

Mr.  Adams. 


oU 


CORRESPONDENCE   ON   PLOW    OF    WATER. 


Mr.  Adams,  miist  be  suspended  until  many  additional  experimental  data  liave  been 
accumulated.  The  full  value  of  any  experiments  of  this  class  yet 
conducted,  since  they  are  so  comparatively  few  in  number,  cannot  be 
ascertained  until  then. 

As  a  slight  contribution  to  such  knowledge,  the  writer  presents 
herewith  the  results  of  some  experiments  on  a  line  of  14-in. ,  redwood, 
stave  pipe  recently  constructed  under  his  supervision  by  the  West  Los 
Angeles  Water  Company  for  the  supply  of  the  Pacific  Branch  of  the 
National  Soldiers'  Home. 

In  preparing  for  these  observations  the  average  diameter  of  the  pipe 
was  carefully  determined  by  making  many  measurements  of  the  circum- 
ference of  the  completed  structure.  These  measurements  covered  all  de- 
grees of  band  spacing,  which  varied  from  4A  ins.  to  10  ins.  The  staves  were 
uniformly  I-/4-  ins.  in  thickness.  The  net  diameter  varied  from  13.99  ins. 
to  14.11  ins.  .  By  reference  to  the  profile,  Fig.  20,  it  will  be  seen  that  the 
vertical  curves  are  quite  numerous,  but  they  are  all  made  without  the  use 
of  specials  and  with  radii  of  not  less  than  perhaps  40  ft.  The  horizontal 
curves  are  few,  and  286  ft.  was  the  minimiim  length  of  radius  used. 
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Fig.  21. 

In  these  experiments  the  discharge  was  measured  by  means  of  a 
4- ft.  weir  located  at  the  terminus  of  the  line;  the  head  being  meas- 
ured by  means  of  a  hook  gauge.  The  customary  weir  formula 
Q=  GL  \/J/^  was  used.  In  the  fifth  experiment  a  volumetric  measure- 
ment of  several  hours'  flow  into  a  small  concrete  reservoir,  8  ft.  deep 
and  50  ft.  in  diameter,  with  vertical  inside  walls,  indicated  3.33  as  be- 
ing the  correct  value  for  C.  The  same  value  was  used  in  computing 
the  discharge  in  the  other  experiments.  The  loss  of  head  was  observed 
by  noting  the  position  of  the  water  in  the  open  stand-pipes  and  other 
designated  structures.  The  eftect  of  the  slight  fluctuations  in  the 
stand-pipes  was  eliminated  by  taking  the  mean  of  many  readings,  a 
suitable  length  of  time  having  elapsed  after  the  beginning  of  the  ex- 
periment. The  relative  elevations  of  different  points  of  observation, 
excepting  A  and  B,  were  determined  by  a  wye  level.  The  jjoints  of 
uniform  height  at  A  and  B  were  determined  by  closing  a  stop-gate  at 
station  145,  and  allowing  the  water  to  come  to  rest.  The  outgoing  pipe 
from  the  structure  at  D  is  enlarged  to  16  ins.  at  the  outlet.     An  allow- 
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ance  for  the  velocity  head  only  was  here  made.     With  the  low  veloci-  Mr.  Adams, 
ties  used,  no  sensible  error  could  have  thus  resulted. 

These   experiments,  classified  as  A,  B  and  Cin  the  order  of  their 
probable  merit,  are  as  follows : 

TABLE  No.  11. 


No. 

Section  Ex- 
perimented 
on. 

Length 

of 
section- 
feet. 

Velocity  in 
feet  per 
second. 

Average 

Diameter. 
Inches. 

Loss  of 
head  in 
1  000' ft. 

Resulting 
values  of  c  in 

V  —  cv'  rs 

Relative 
value  of 
experi- 
ments. 

1 

a 

3 

4 

B 

6 

7 

8 

1... 
2... 
3... 
4... 
5... 
6... 
7... 

C—D 
G  —  H 
D  —  E 
A  —  B 
F—H 
A  —  B 
F—H 

4  403 

3  436 

4  825 

8  931 

9  912 

8  931 

9  912 

0.691 
0.691 
0.698 
0.751 
1.167 
1.181 
1.531 

14.11 
14.08 
14.05 
14.05 
14.05 
14.05 
14.05 

.145 
.161 
.170 
.178 
.391 
.375 
.638 

105 
101 
99 
104 
109 
113 
112 

A 
B 
C 
B 
B 
A 
A 

It  will  be  noticed  that  these  experiments  have  been  made  on  five 
diflfei-ent  stretches  of  pijDe,  ranging  in  length  from  3  436  ft.  to  9  912  ft. ; 
and  that  only  low  velocities  could  be  secured,  such  as  usually  produce 
the  most  discordant  experimental  results.  Considering  these  conditions 
it  would  appear  that  the  resulting  values  of  c  are  quite  concordant. 
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These  values,  while  conforming  quite  closely  to  results  obtained  by 
the  use  of  the  Kutter  formula,  if  n  be  taken  at  from  ,0108  to  .011,  for 
these  velocities  do  not  indicate  .01  as  being  a  safe  assumed  value  for 
n,  as  have  all  previous  experiments  mentioned  by  the  authors.  Could 
higher  velocities  have  been  obtained,  the  results  might  then  have 
shown  that  a  lower  value  for  n  would  have  best  fitted  the  results.  This 
is  indicated  by  the  position  of  the  observed  values  of  c  in  relation  to 
a  curve  given  by  the  Kutter  formula  (Fig.  21).  The  same  tendency  of 
the  experimental  curve  to  depart  from  the  Kutter  curve  in  the  low 
velocities  is  shown  to  exist  in  the  Ogden  experiments  in  Fig.  22. 


54H  CORKESPOlfDEISrCE    ON   FLOW    OF   WATEK. 

Mr.  Noble.  T.  A.  NoBLE,  M.  Am.  Soc.  C.  E.— Tlie  general  conclusions  arrived 
at  by  the  authors,  that  the  Talue  of  the  coefficient  c  in  the  formula 
V  =:  c  \/  r  s  is  much  less  for  wood  pipes  of  the  size  experimented 
upon  than  had  heretofore  been  supposed,  and  that  the  average  value 
of  n  in  Kutter's  general  formula  for  the  flow  of  water  in  channels  is 
about  .013,  will  come  as  a  surprise  to  the  engineering  public.  The 
difference  in  the  carrying  capacity  of  wooden  pipe,  figured  from  this 
coefficient  would  be  great  enough  to  seriously  affect  the  capacity  of  a 
number  of  large  conduits  already  constructed.  It  is,  therefore,  a 
matter  of  considerable  imijortance  that  this  question  should  be  settled 
by  a  more  extended  series  of  experiments  under,  perhaps,  more  favor- 
able conditions. 

Several  points  which  might  have  affected  the  results  have  occurred 
to  the  writer,  and  these  are  given  with  the  object  of  getting  the  bene- 
fit of  the  authors'  comments  thereon. 

It  would  seem  that  the  distance  between  the  points  of  observation 
on  the  wooden  pipe  was  too  short  to  obtain  accurate  results  for  the 
low  friction  heads  and  rates  of  discharge  within  the  range  possible  in 
these  tests.  The  greatest  difference  in  head,  in  feet  of  mercury,  is  only 
0.115.  Any  error  due  to  reading  the  manometers  or  from  any  other 
cause  would  have  a  very  much  greater  effect  where  the  difference,  as 
in  this  case,  is  small. 

In  the  profile  of  the  pipe  line,  as  given  in  Mr.  Goldmark's  paj^er,* 
it  will  be  noticed  that  there  are  about  twenty-eight  high  points 
between  the  jooint  of  entrance  and  the  i^oint  of  discharge,  whereas 
only  sixteen  air  valves  are  shown.  If  the  valves  do  not  discharge 
air  under  pressure,  they  would  be  of  no  value  for  this  purpose 
except  when  attended  by  some  one  detailed  to  open  them  frequently 
enough  to  keep  the  aii'  from  accumulating  at  these  points.  Is  it  not 
possible  that  during  these  tests  a  considerable  accumulation  of  air  was 
present  in  the  pipe,  in  sufficient  quantity  to  affect  the  rate  of  dis- 
charge? It  would  be  germane  to  know  if  ample  provision  had  been 
made  to  keep  the  pipes  free  from  air  at  every  point  where  it  would  be 
possible  for  it  to  accumulate. 

There  is  apparently  no  uniformity  in  the  relation  between  the 
average  velocity  in  the  pipe  and  the  friction  head,  as  determined  by 
these  experiments,  except  that,  in  general,  the  head  increases  with  the 
increase  in  velocity.  It  is,  therefore,  doubtful  if  any  conclusion  as  to 
the  value  of  c  and  n  in  Kutter's  formula,  in  any  larger  rate  of  dis- 
charge would  be  reliable.  Table  No.  12  gives  the  values  of  n  for  the 
different  values  of  v,  s  and  c,  as  determined  from  these  experiments. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxxviii,  p.  255. 
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Mr.  Noble. 


Number  of  test. 

V. 

s. 

c. 

n. 

35 

.543 

.544 

.666 

.816 

1.217 

1.228 

1.242 

1  332 
1.482 
1.876 
1.978 

2  138 
2.218 
2.536 
2.689 
2.783 
3.149 
3.453 
3.568 
3.617 
3.627 
3. 645 

.0000401 

.0000251 

.0000551 

.0000201 

.0000953 

.000103 

.0000952 

.000106 

.000111 

.000181 

.000211 

.000211 

.000235 

.000300 

.000331 

.000361 

.000452 

.000517 

.000566 

.000501 

.000547 

.000576 

69 
88 
73 
148 
101 
100 
104 
106 
115 
114 
111 
120 
117 
119 
120 
119 
121 
124 
122 
131 
126 
123 

.0204 

47 

.0160 

41 

.0199 

31 

.0100 

48 

.0151 

36 

.0153 

37 

.0148 

42 

.0145 

81 

.0135 

49    

.0138 

43 

.0141 

32 

.01.32 

38 

.0135 

50 

.0134 

33 

.0133 

39 

.0134 

51 

.0132 

34 

.0129 

40 

.0132 

46 

.0123 

45 

.0127 

44.::...::;::::::::: 

.0130 

There  seems  to  be  a  decrease  in  the  value  of  ?i  with  the  increase  in 
velocity.  If  this  be  true,  it  is  jaossible  that,  when  the  pipe  is  dis- 
charging, up  to  the  capacity  for  which  it  is  designed,  the  value  of  n 
will  be  much  less  than  that  stated. 

The  change  in  the  rate  of  discharge,  which  is  constantly  going  on 
in  a  plant  where  power  is  distributed  to  consumers  and  where  the 
load  is  constantly  changing,  must  have  a  serious  influence  upon  the 
aj^parent  friction  head,  between  any  two  points  on  the  pipe  line.  A 
decrease  in  the  rate  of  discharge  would  increase  the  head  at  the  jjoint 
of  discharge.  This  effect  becomes  less,  the  greater  the  distance  from 
the  point  of  discharge,  until  it  is  zero  at  the  point  of  entrance.  The 
effect  of  an  increase  in  the  rate  of  discharge  would  have  a  corre- 
sponding but  opposite  effect  upon  the  apparent  friction  head.  Where 
a  sufficient  number  of  observations  are  taken  it  would  seem  that  the 
errors  from  this  cause  would  be  neutralized.  This,  however,  is  not 
known,  and  hence  the  nature  and  value  of  this  effect  upon  the  friction 
head  during  these  tests  is  unknown.  Is  this  not  the  probable  cause 
of  the  fluctuation  in  the  relative  value  of  v  and  s  from  which  c  (and  n 
in  Kutter's  formula)  are  determined  ?  In  any  case,  it  seems  evident 
that,  to  get  reliable  and  consistent  results,  the  rate  of  discharge  diir- 
ing  each  observation  must  be  constant.  Any  acceleration  or  retarda- 
tion of  the  I'ate  of  discharge  would  have  a  serious  effect  upon  the 
friction  head.  This  would  be  particularly  true  if  the  effect  of  retard- 
ation is  not  equal  to  the  effect  of  acceleration,  and  if  the  rate  of  dis- 
charge at  the  end  of  the  experiment  were  not  equal  to  the  rate  at  the 
bea'innine:. 
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Mr.  Weston.  Edmund  B.  Weston,  M.  Am.  Soc.  C.  E. — In  1889  the  writer  pre- 
sented to  tlie  Society  apajjer*  in  which  he  gave  his  reason  for  consider- 
ing Darcy's  formula  for  the  flow  of  water  in  pipes  a  very  valuable 
formula  for  calculating  the  loss  of  head  in  pipes  having  interior 
surfaces  similar  to  new  cast-iron  pipes;  and  he  was  much  pleased 
in  reading  this  interesting  and  valuable  paper  to  note  the  small  dif- 
ference between  0.0216,  the  average  experimental  value  of  /  obtained 
by  the  authors,  as  given  in  the  paper,  and  0.0202,  which  is  a  corre- 
sponding value  of  /  deduced  from  Darcy's  formula  (reduced  to  Eng- 
lish measures  by  the  writer),  for  a  pipe  72  ins.  in  diameter.  The 
difference  between  the  two  is  about  7  per  cent.  The  authors  state  on 
page  498,  that  it  was  thought  that  the  method  adopted  for  measuring 
the  loss  of  head  should  give  results  reliable  to  within  0.1  ft.  in  abso- 
late  value.  The  average  of  the  losses  of  head  given  in  column  8  of 
Table  No.  2  is  1.342  ft.,  and  0.1  is  about  7.5%  of  1.342;  whereas,  the 
difference  between  the  /  obtained  by  the  authors  and  that  computed 
from  Darcy's  formula  is,  as  given  above,  about  7  per  cent.  The 
writer  recognizes  the  fact  that  the  interior  surface  of  a  new,  riveted 
steel  i)ipe  is  more  or  less  different  from  that  of  a  new  cast-iron  pipe> 
and  should  expect  the  values  of  /  for  the  two  kinds  of  pipe  to  vary 
slightly,  and,  when  computing  results  for  steel  pijies,  he  has  been  in 
the  habit  of  increasing  the  value  of  /,  deduced  from  Darcy's  formula, 
by  a  small  percentage,  dependent  in  amount  upon  the  character  of 
the  steel  pipe  and  its  joints.  These  percentages  the  writer  deter- 
mined from  the  results  of  a  number  of  experiments  made  with  steel 
pipes  by  different  authorities,  and  he  will  still  continue  to  make  use  of 
them,  although  the  results  given  in  the  paper,  considering  the  pos- 
sible error  mentioned  by  the  authors,  tends  to  show  that  Darcy's 
formula  could  have  been  advantageously  used  for  determining  the 
size  of  a  pipe  having  similar  characteristics  to  the  72-in.  steel  pipe 
used  by  the  authors  in  making  their  experiments.  For  instance,  on 
pages  492  and  493,  the  highest  velocity  given  is  3.846  (No.  28),  and  the 
corresponding  experimental  loss  of  head  per  1  000  ft.  is  0.776.  The 
loss  of  head  per  1  000  ft.  computed  by  Darcy's  formula  (as  deduced 
by  the  writer),  using  the  same  velocity,  is  0.774  ft.,  which  is  0.002  ft. 
less  than  the  exjaerimental  result.  Or,  again,  calculating  the  loss  of 
head  by  using  0.0216,  the  average  value  of/  obtained  by  the  authors, 
the  result  is  a  loss  of  head  of  0.828  ft.  per  1  000  ft.,  which  is  0.054  ft. 
or  about  7%  more  than  that  obtained  by  Darcy's  formula;  but  within 
the  limit  of  the  possible  error  0. 1  mentioned  by  the  authors  on  page  498. 

Mr.  LeConte.  L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E. — This  paper  is  a  valuable  and 
timely  contribution.  The  velocity  coefficients  for  the  72-in.  riveted 
pipe  are  somewhat  less  than  many  engineers  would  be  willing  to  as- 
sume; yet  they  are  such  as  every  conservative  engineer  would  natu- 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  xxii,  Jan.,  1890. 
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rally  anticipate,  basing  liis  judgment  on  reliable  data  obtained  from  Mr.  LeConte. 
careful  experiments  with  smaller  pipes. 

Riveted  piiDOS  have  been  extensively  used  on  the  Pacific  Coast  since 
1870— the  sizes  running  all  the  way  up  to  44  ins.  in  diameter  and  the 
thickness  of  the  plate-iron  from  No.  14  (B.  W.  G.)  up  to  f  in.,  while 
the  velocity  of  flow  varied  from  1  ft.  uj)  to  10  ft.  per  second. 

The  general  results  obtained  by  practical  experience  go  to  show 
the  paramount  importance  of  the  influence  of  the  thickness  of  the 
plate-iron  used.  This  factor  is  so  important  that  the  coefficient  deter- 
mined by  experience  on  one  pipe  line  is  of  no  value  whatever  as 
applied  to  another  line  having  the  same  diameter  and  slope.  Hence 
it  follows  that  the  j^rojier  steps  to  be  taken  in  any  case,  in  order  to 
select  the  most  rational  value  for  c,  involves  much  more  laborious  cal- 
culation than  is  the  case  with  any  other  class  of  jjipe.  With  a  riveted 
pipe  line  the  velocity  coefficient  c  changes  materially  with  every  change 
in  the  thickness  of  the  iron,  and  before  a  satisfactory  solution  of  the 
j)roblem  can  be  obtained  the  number  of  linear  feet  of  No.  14  pipe,  No. 
12  pipe,  No.  10  pipe.  No.  8  pipe.  No.  6  pipe.  No.  4  pipe,  etc.,  must 
be  determined.  This  can  best  be  taken  from  the  profiles  of  the  pipe 
line.  Then,  in  the  same  manner  as  in  the  summation  of  moments,  a 
-value  for  the  grand  mean  thickness  of  all  the  j)late-iron  used  through- 
out the  entire  pipe-line  can  be  deduced.  This  being  completed,  ref- 
erence should  be  had  to  the  Table  of  Coefficients  (Table  No.  13) 
submitted  by  the  writer,  and  under  the  computed  mean  thickness  and 
ojiposite  the  proper  diameter  may  be  found  the  most  rational  or  true 
mean  coefficient  c,  peculiar  to  the  particular  pipe  line  being  considered. 

It  follows  from  the  above  that  it  is  quite  rare  to  find  any  two  riveted 
pijae  lines  of  the  same  diameter  and  slope  which  actually  develop  the 
same  value  for  the  velocity  coefficient,  because  each  pipe-line  has  its 
own  particular  value  for  c.  Table  No.  13  has  been  prejjared  by  the 
writer  for  the  purpose  of  facilitating  the  selection  of  a  rational  velocity 
coefficient  for  riveted  pipe  lines,  using  the  old  standard  formula: 

V  :^  c  \/    r  s. 

TABLE  No.  13. — Coefjficients  Showing  the  Changes  dce  to  Diffek- 

ENT  DiAMETEBS  AND  THICKNESSES  OF  IkON  IN  RiVETED  PiPE  LiNES. 

Thickness— B.  W.  G. 
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24 

87 

12 
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78 

550  CORRESPONDENCE    ON    FLOW    OF   WATER. 

Mr.  Le  Conte.  The  authors  refer  to  Table  No.  4,  and  call  attention  to  Kutter's  snb- 
coefficient  {n)  increasing  with  the  diameter.  The  writer  would  simply 
invite  the  authors'  attention  to  the  table  of  coefficients,  herewith  sub- 
mitted, as  redundant  evidence  of  the  fact  that  the  coefficient  [n]  is  a 
particularly  active  function  in  the  case  of  riveted  pipe  lines,  and  that, 
unless  full  and  complete  information  is  furnished  showing  the  extent 
and  thickness  of  each  and  all  the  plate-iron  used  in  manufacture,  it  is 
simply  impossible  to  draw  comparisons  which  have  any  value  whatever. 

The  portion  of  this  parser  which  is  particularly  interesting  to  the 
writer  is  that  describing  the  experiments  on  the  72-in.  wooden  pipe, 
wherein  the  coefficient  c  varies  from  100  to  126.  The  facts  presented 
constitute  a  valuable  addition  to  the  knowledge  on  wooden  pipe  ca- 
j)acity  and  will  prove  to  be  a  shock  to  many  active  and  prurient  ad- 
vocates who  have  been  claiming  a  safe  and  reliable  value  for  c  =  166, 
to  be  followed  by  an  annual  increase  in  value  due  to  the  "sliming 
up  "  of  the  intei'ior  surface  of  the  pipe. 

As  to  the  changes  in  the  value  of  the  coefficient  c  with  changes  in 
the  velocity  of  flow,  experience  on  the  Pacific  coast  seems  to  show 
that,  for  the  larger  sized  pipes,  the  changes,  if  any,  are  very  slight, 
but  in  the  smaller  sizes,  especially  when  made  of  heavy  jjlate-iron,  the 
velocity  coefficient  c  diminishes  very  materially  with  each  increment 
of  velocity  of  flow  up  to  10  ft.  per  second. 
Mr.  Henny.  T>.  C.  Henny,  M.  Am.  Soc.  C.  E. — The  authors' experiments  on  the 
carrying  capacity  of  these  large  wooden  and  steel  pipes  are  of  the 
highest  interest.  If  they  may  be  accepted  as  fairly  correct  it  seems 
that  the  ultimate  power-jDroducing  and  earning  capacity  of  the  plant 
as  a  whole  has  been  seriously  overestimated.  This  is  shown  by  a  com- 
parison between  the  values  of  c,  as  assumed  by  the  designers,  and 
those  ascertained  by  the  experiments  of  the  authors.  While  the 
highest  velocity  experimented  with  was  less  than  half  of  that  on  which 
the  estimate  of  the  ultimate  capacity  was  based  (8.75  ft.  per  second), 
the  curves  shown  on  Figs.  7  and  11  permit  a  rough  approximate  esti- 
mate of  the  values  of  c  for  said  maximum  velocity,  which  for  steel 
pipe  would  be  about  111  and  for  wooden  pipe  130.  As  the  respective 
values  assumed  by  the  designers  were  120  and  160,  it  is  evident  that 
a  deficiency  of  about  8%  for  steel  pipe  and  of  about  19/^  for  wooden, 
pipe  may  be  found. 

As  far  as  wooden  stave  pipe  is  concerned,  the  adoption  of  the  value 
c  =  160  appears  to  have  been  justifiable.  It  is  true  that,  owing  to  the 
comparatively  recent  introduction  of  this  class  of  pipe,  data  which 
were  directly  available  were  almost  entirely  lacking,  yet  all  the 
knowledge  which  existed  pointed  toward  a  value  of  c  as  high,  or 
even  higher,  than  that  assumed. 

In  addition  to  the  recent  exj)eriments  quoted  by  the  authors,  there 
are  available  the  results  of  three  experiments  of  the  Darcy  &  Bazin 
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series,  Nos.  24,  25  and  26,  which  are  fairly  applicable,  although  they  Mr.  Heuny 
were  made  with  open  semi-circular  channels  and  not  with  closed  pipe. 
Where  the  depth  in  the  former  equals  the  radius  there  occur  to  the 
writer  only  a  few  points  of  difference  between  them  and  the  closed 
l^ipes. 

Fu'st. — The  resistance  of  the  air  in  contact  with  the  water  surface 
in  semi-circular  channels. 

Second. — The  possible  occurrence  of  vertical  curvature  in  the  pipe. 

Third. — The  greater  uncertainty  regarding  the  actual  path  of  each 
water  particle  in  the  pipe,  the  possible  deviation  from  the  hypothetical 
path  being  twice  as  much  in  a  vertical  direction  as  in  the  flume. 

The  first  point  of  difference  is  in  favor  of  the  pipe,  the  other  points 
are  in  favor  of  the  Hume,  and  all,  so  far  as  known,  are  small  in  ordi- 
nary cases. 

The  following  table  is  offered  as  facilitating  comparison : 

TABLE  No.  14. 
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0    1 

«       0 
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8   3 
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Schuyler.... 

f 
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Bazin.      ] 

■ 

Planed  wood. 

Planed  wood. 

Pure  cement. 

( %  cement. 

( 1^  fine  sand. 

Partly  planed  wood. 

Coated  cast  iron, 
new. 

Same  as  above,  16 

years  old,  tubercles 

removed. 

Planed  wood. 

Circle. 

Circle. 

1      Semi-circle     1 
1     open  at  top.     1 
(       Depth  of       f 
J   water-radius.  J 

Circle. 

18 
30 

49.20 
49.20 
55.08 

48 

1.9628 

3.605 

132.9 

.0099 
.0096 

1.50 
1.50 
1.50 

0.318 
0.711 
1.221 
1.849 

0.0689 
0.3234 
0.7167 
1.2414 
1.8283 

0.0952 
0.181 
0.331 
0.517 

6.06 
5.55 
5.54 

2.616 
3.7.38 
4.965 
6.195 

1.113 
2.472 
3.723 
4.973 
6.141 

1.242 
1.876 
2.689 
3.453 

154.2 
141.7 
133.5 

146.7 
140.1 
142.1 
144.1 

134.1 
137.5 
139.1 
141.1 
143.6 

104 
114 
120 
124 

.0102 
.0109 
.0118 

.0105 
.0110 

Stearns. . . 

.0109 

1 

.0108 

( 

Circle. 

48 

.0107 
.0111 

Fitz-       J 
Gerald.     | 

.0111 

.0110 

I 

.0108 

Marx,       f 
Wing      J 
and       1 

Circle. 

72.50 

.0148 
.0139 

.0134 

.0131 

Note. — The  serial  numbers  selected  from  the  FitzGerald  and  the  Marx,  Wing  and 
Hoskins  experiments  are  representative  of  their  respective  series,  and  were  chosen  for 
their  close  coincidence,  when  platted,  with  the  average  curves  presented  by  the  expei'i- 
menters. 

Considering  that  planed  wood  offers  less  resistance  to  flow  than 
any  of  the  other  surfaces  mentioned,  a  comparison  on  the  basis  of  the 
Chezy  formula  shows  that  the  values  of  c  obtained  for  the  Ogdeu 
wooden  pipe  are  remarkably  low.     From  the  Darcy  and  Bazin,  Stearns 
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Mr.  Henny.  and  FitzGerald  experiments  it  would  be  concluded  that,  for  a  velocity 
of  6  ft.  per  second  in  a  4-ft.  wooden-stave  pipe,  a  value  of  c  =  155 
might  well  be  expected,  and  in  view  of  the  tendency  of  c  to  increase, 
both  with  the  diameter  and  the  velocity,  the  designers  in  assuming  a 
value  of  c  =  160  for  a  6-ft.  wooden  pipe,  and  8.75  ft.  per  second 
velocity,  showed  no  particular  lack  of  conservatism. 

The  i^revious  experiments  with  18-in.  and  30-in.  wooden-stave  pipe 
afford  a  less  direct  means  of  comparison  on  the  basis  of  the  Chezy 
formula  owing  to  the  great  difference  in  diameter.  If  comparison  is 
made  on  the  basis  of  the  Kutter  formula  it  is  found  that  even  the 
lowest  value  of  n  deduced  from  the  experiments  on  wooden-stave  pipe 
made  by  the  authors  is  much  higher  than  it  was  reasonable  to  expect. 
The  authors  have,  however,  called  attention  to  the  fact  that  their 
results,  both  with  wooden  and  steel  pipe,  lead  them  to  question  the 
reliability  of  this  formula  for  large  pipe.  While  it  must  be  admitted 
that  the  variation  in  the  values  of  n  for  varying  velocities  is  large, 
yet  the  unquestioned  wide  applicability  of  the  Kutter  formula  to  open 
waterways  of  all  dimensions  and  the  fairly  satisfactory  results  ob- 
tained, in  applying  it  to  pipes  with  diameters  iip  to  48  ins.,  appear  to 
necessitate  stronger  evidence  than  has  so  far  been  adduced  before  dis- 
carding its  use  in  connection  with  diameters  above  48  ins.,  although 
results  such  as  have  been  obtained  with  the  Ogden  pipe  may  compel 
the  allowance  of  greater  margins  of  safety. 

That  the  results  obtained  were  not  in  accord  with  previous  ex- 
perience must  have  become  apparent  to  the  authors  at  an  early  stage 
of  their  exjieriments,  and  must  have  had  the  efi'ect  of  rendering  them 
more  than  usually  cautious  in  guarding  against  errors  in  every  direc- 
tion. If  the  writer,  therefore,  further  on,  touches  ujjon  some  elemen- 
tary factors  entering  into  the  problem,  it  is  with  the  expectation  that 
the  authors  are  fully  prepared  to  furnish  such  additional  information 
and  data  as  may  be  deemed  necessary  to  remove  all  reasonable  doubt 
as  to  the  thorough  reliability  of  the  results. 

The  authors  have  set  forth  with  admirable  clearness  certain  ele- 
ments affecting  the  accuracy  of  their  work.  As  is  shown  by  them, 
the  values  determined  from  low  velocities,  say  below  1  ft.  per  second, 
are  unreliable.  Comparing  the  values  found  in  the  wooden  pipe 
experiments,  for  velocities  above  1  ft.  per  second,  among  themselves, 
it  IS  found  that  the  variations  from  the  average  amount  to  about  &% 
both  ways.  Variations  similarly  determined  from  the  FitzGerald 
experiments  on  48-in.  clean  cast-iron  j)ipe*  amount  to  1.3%,  the 
length  of  pipe  experimented  with,  expressed  in  diameters,  being 
about  the  same  and  the  range  of  velocities  being  greater.  The  un- 
favorable condition  under  which  the  authors  labored,  in  respect  to 
the  drop  of  the  grade  line  at  both  the  upper  and  lower  station  with 
•  *  Transactions,  Am..  Soc.  C.  E.,  Vol.  xxxv,  p.  361. 
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each  increase  of  velocity,  probably  contributed  to  this  result.  The  Mr.  Henny. 
effect  of  this  would  have  been  less  serious  had  the  upper  station  been 
nearer  the  intake  and  had  the  section  itself  been  longer.  This  is  so 
evident  that  it  may  be  presumed  that  serious  obstacles  prevented  the 
use  of  the  long  upper  section  of  the  pipe  above  the  tunnel  for  ex- 
perimental purposes.  Aside  from  the  errors  resulting  from  inac- 
curacies in  observation,  it  may  be  well  to  consider  possible  errors  not 
naentioned  by  the  authors  and  affecting  all  observations  alike. 

The  measurement  of  the  length  of  pipe  between  the  iipper  and 
lower  stations  leaves  probably  nothing  to  be  desired.  The  deter- 
mination of  the  average  diameter  must,  however,  have  been  a  much 
more  difficult  matter,  as  the  pii)e  was  buried  for  almost  its  entire 
length.  It  has  not  been  stated  how  the  value,  72^  ins.,  has  been 
ascertained.  From  the  dimensions  of  the  bands  and  staves,  as  given 
in  Mr.  Goldmark's  jaaper,*  the  writer  woiild  have  concluded,  in  the 
absence  of  actual  measurements  after  completion,  that  the  diameter 
would  most  likely  lie  between  72|  and  72  ins.  The  designers  them- 
selves, in  computing  the  capacity,  assumed  the  diameter  at  6.03  ft., 
or  about  i  in.  less  than  the  authors.  The  length  of  the  bands  and  the 
available  thread  permit  a  reduction  of  diameter  to  71f  ins.,  in  cinch- 
ing, which  would  be  a  reduction  in  circumference  of  less  than  0.9^, 
starting  from  72|  ins.,  a  larger  jsroportionate  reduction  having  been 
frequently  measured  by  the  writer  on  other  wooden-stave  pipe,  par- 
ticularly where  the  spacing  of  the  bands  is  as  close  as  on  the  pipe 
under  discussion.  This  computed  minimum  diameter  for  dry  pijje  may 
siiffer  an  additional  reduction  from  the  swelling  of  the  staves  which 
meets  with  resistance  in  every  direction  except  toward  the  center  of 
the  pipe.  Unless  the  interior  diameter  has  been  derived  from  actiial 
measurements  the  possible  error  from  this  soui:pe  exceeds  2  per  cent. 

The  presence  of  air  at  the  summits  may  have  a  seriously  disturb- 
ing effect  on  the  grade  line,  and  has  probably  been  carefully  guarded 
against.  The  relief  shaft  at  tunnel  No.  7,  if  connecting  with  the 
tunnel  at  its  top,  may  be  expected  to  free  the  water  of  nearly  all  air. 
Yet,  wherever,  a  summit  occurs  there  exists  danger  of  air  accumulation, 
and  in  view  of  the  presence,  between  the  upper  and  lower  stations  of 
three  summits  and  one  practical  summit  at  station  250,  some  ^jositive 
evidence  of  absence  of  air,  at  these  points,  is  required  to  allay  doubt. 

The  omission,  from  the  profile  given  by  Mr.  Goldmark,f  of  air- 
valves  at  some  of  these  points  may  have  been  accidental,  except  pos- 
sibly at  station  250,  but  it  should  further  be  noticed  that  such  air- 
valves  as  are  described  are  not  automatic,  and  remain  closed  while 
under  pressure.  In  the  account  of  the  steel  pipe  experiments  mention 
was  made  of  careful  manipulation  being  needed  to  keep  the  long  pipe 

*  Transactions,  Am.  Soe.  C.  E.,  "Vol.  xxxviii.  p.  246. 
1  Transactions,  Am.  Soe.  C.  E.,  Vol.  xxxviii,  p.  255. 
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Mr.  Henny.  connecting  the  steel  main  with  the  manometer  at  the  lower  station 
wholly  free  from  air.  Did  this  indicate  the  jiresence  of  air  in  the  water  ? 

The  writer  has  been  informed  that  the  Ogden  Eiver,  during  certain 
seasons  of  the  year,  carries  a  considerable  proportion  of  sand.  This, 
taken  in  connection  with  the  absence  of  a  reservoir  at  the  niaper  end, 
implies  the  danger  of  sand  having  been  carried  into  the  pipe,  iinless  a 
thoroughly  effective  sand  traj)  was  provided.  The  maximum  velocity 
in  the  j^ipe  used  in  experimenting  was  capable  of  transporting  sand 
for  long  distances,  and  all  the  circumstances,  unless  wrongly  under- 
stood by  the  writer,  point  toward  the  possibility  of  the  presence  of 
sediment  in  portions  of  the  pipe  line.  Nor  could  the  6-in.  gates  which 
occur  at  dejiressions  be  in  any  way  depended  ujjon  to  flvish  such  sedi- 
ment out  except  for  a  few  feet  either  way  from  the  j^oints  where  they 
are  attached.  In  first  opening  they  would  enable  some  idea  to  be 
formed  regarding  the  presence  or  absence  of  sediment  in  the  pipe, 
otherwise  they  can  be  useful  only  as  drain  gates. 

It  will  be  observed  that  the  errors,  due  to  the  above-mentioned 
sources,  would  not  have  the  effect  of  neutralizing  each  other,  but  that 
they  would  all  tend  toward  reducing  the  velocity  and  the  computed 
value  of  c,  and  that  some  of  them,  unless  their  absence  has  been  fairly 
established,  may  have  a  very  important,  if  not  a  vitiating  effect  upon 
the  results. 

The  proper  method  of  attachment  of  a  piezometer  has  been  fully 
discussed  by  the  authors.  One  of  the  advantages  of  a  multiplicity  of 
connecting  points  with  the  main  pipe  is  that  the  effect  of  any  imper- 
fection of  workmanship,  at  any  one  point,  is  lessened.  As  it  was  deemed 
sufficient  to  have  only  a  single  point  of  attachment  and  as  very  small 
losses  of  head  had  to  be  measured,  especial  care  became  necessary 
to  comply  with  the  well-known  requirements,  that  the  hole  be  smooth, 
and  the  channel  leading  away  from  it  have  a  direction  accurately  per- 
pendicular to  that  of  the  flow.  It  was  stated  that  in  connecting  the 
manometer  to  the  wooden  pipe  a  hole  was  bored  at  right  angles  to  the 
axis  of  the  pipe,  that  a  pij^e  was  screwed  into  this  hole,  and  that  care 
was  taken  that  there  should  be  no  projection  beyond  the  inner  sur- 
face. If,  as  may  have  been  the  case,  this  connection  was  made  with 
out  first  draining  the  pipe  or  relieving  the  i3ressure,  it  must  have  been 
a  diificult  matter  to  ascertain  the  triie  condition  of  the  hole,  and  to 
insure  the  absence  of  ragged  edges  and  projecting  slivers;  so  that 
some  further  particulars  on  this  point  are  desirable. 

The  plan  of  the  pipe  line  under  consideration  (Fig.  9)  shows  a  long 
curve  at  the  upper  end  and  a  short  curve  further  down,  the  aggregate 
length  being  about  half  that  of  the  entire  line.  The  profile,  moreover, 
indicates  a  succession  of  vertical  curves  so  that  the  aggregate  length  of 
the  actual  tangents,  as  compared  to  that  of  the  curves  and  the  greatest 
length  of  any  one  tangent  is  evidently  quite  small,  especially  if  expressed 
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in  diameters.  In  this  respect  conditions  differ  from  those  tinder  whicli  Mr.  Henny. 
the  earlier  tabulated  experiments  were  made.  "Whether  the  effect  of 
such  a  succession  of  easy  curves  upon  the  grade  line  is  at  all  apjireci- 
able  must  remain  a  matter  of  sxaeculation  until  it  shall  have  received 
some  attention  from  experimenters.  Practically  nothing  is  known  of 
the  path  described  by  individual  jjarticles  of  water,  either  in  a  straight 
or  in  a  curved  pipe.  It  is  difficult  to  conceive  that  a  motion  parallel 
to  the  axis  of  the  pipe,  as  assumed  in  theory,  could  be  even  approx- 
imately maintained  in  a  pipe  curving  both  horizontally  and  verti- 
cally and  it  is  highly  probable  that  the  relative  position  of  the 
particles  in  the  successive  cross-sections  is  constantly  changing. 
Under  favorable  conditions  of  curvature  and  velocity,  as  yet  entirely 
undetermined,  this  change  may  acquire  a  certain  degree  of  regularity, 
causing  the  advancing  body,  as  a  whole,  to  acquire  a  rotating  motion 
as  has  been  observed  in  hydraulic  mining,  when  the  pipe  leading  to 
the  nozzle  is  curved.  It  has  been  found  that  a  rotating  motion  may 
at  times  become  sufficiently  pronounced  to  be  troublesome,  and  cause 
the  water  to  whirl  as  it  comes  out  of  the  nozzle,  thus  interfering  with 
the  erosive  effect  of  the  stream.  The  difficulty  is  overcome  by  j^lacing 
thin  partition  plates  in  the  pipe  a  short  distance  back  of  the  nozzle. 
This  is  mentioned  as  having  possibly  affected,  to  a  slight  extent,  the 
frictional  losses  measured,  and  to  show  that  this  subject  is  worthy  the 
attention  of  experimenters.  It  does,  however,  in  no  way  account  for 
the  great  difference  between  the  anticipated  values  of  c  and  those 
found  by  the  authors. 

Charles  D.  Makx,  M.  Am.  Soc.  C.  E. ;  Charles  B.  Wing,  Assoc.  Messrs.  Marx, 
M.  Am.  Soc.  C.  E.,  and  Leandeb  M.  Hoskins,  Esq. — The  foregoing  Hoskins. 
discussion  and  correspondence  deal  jjartly  with  the  question  of  the 
reliability  of  the  exjDerimental  results  given  in  the  paper,  and  j)artly 
with  other  matters  relating  to  the  carrying  caj^acity  of  large  pipes. 
In  the  further  discussion  now  offered,  it  seems  desirable  to  keep  such 
considerations  as  bear  directly  upon  the  question  of  reliability  dis- 
tinct from  the  other  and  more  general  questions  that  have  been  raised. 

Eeliability  of  Eesults. 

In  considering  the  degree  of  reliability  of  a  series  of  experimental 
results  such  as  that  under  discussion,  three  different  kinds  of  evidence 
may  be  available.  The  first  relates  to  the  conditions  under  which 
the  observations  were  made  and  the  methods  adopted,  the  second  to 
the  degree  of  accordance  of  the  results  among  themselves,  and  the 
third  to  their  agreement  or  disagreement  with  the  results  of  other 
similar  experiments.  Of  these  classes  of  evidence  the  first  two  are 
always  of  fundamental  importance,  and  especially  is  this  true  in  a 
case  like  the  present,  in  which  the  other  data  available  for  comparison 
are  very  meager.     In  preparing  the  paper,   it  was   the   aim   of  the 
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Messrs.  Marx,  authors  to  describe  fully  and  clearly  the  conditions  and  methods;  to 
Hoskins.  present  the  results  in  a  form  showing  clearly  their  degree  of  accord- 
ance; and  to  present  such  data  of  similar  experiments  as  seemed  to  be 
of  direct  value  for  purposes  of  comparison.  In  view  of  the  questions 
that  have  been  raised,  some  further  consideration  of  these  three  phases 
of  the  subject  seems  desirable. 

(1)  Conditions  and  Methods. — Some  of  the  questions  raised  relate  to 
matters  which  are  fully  treated  in  the  paper.  In  addition  to  what  is 
there  given  regarding  the  conditions  under  which  the  experiments 
were  made,  the  apparatus  used,  the  methods  of  observation,  and  the 
method  of  reducing  the  results,  the  following  may  be  said  by  way  of 
direct  reply  to  the  questions  raised  in  the  discussion  and  corre- 
spondence : 

It  has  been  suggested  that  certain  constants  used  in  the  work  were 
not  determined  with  sufficient  precision.  In  particular,  the  specific 
gravity  of  the  mercury  used,  the  calibration  of  the  gauges,  and  the 
diameter  of  the  pipe  have  been  called  in  question. 

It  is  obvious  that  whatever  error  there  may  have  been  in  the  value 
of  the  si^ecific  gravity  of  the  mercury  affected  only  the  value  of  the 
loss  of  head  between  piezometer  stations.  The  authors  felt  justified 
in  assuming  that  the  valtie  used  (13.6)  could  be  depended  upon  as 
correct  to  a  degree  greater  than  the  possible  degree  of  precision  at- 
tainable in  the  observations.  Table  No.  10,  given  by  Mr.  Kuichling, 
shows  that,  so  far  as  the  effect  of  variations  of  temperature  is  con- 
cerned, the  assumjition  is  justified.  It  may  be  jjointed  out  that,  if 
the  true  value  of  the  specific  gravity  is  between  13.54  and  13.66,  the 
error  involved  in  the  value  13.6  is  less  than  i  of  1  per  cent.  An  error 
of  ^  of  1%  in  the  value  of  the  lost  head  would  affect  /  by  the  same 
relative  amount,  and  c  by  half  that  relative  amount,  or  l  of  1  per  cent. 
Such  an  error  is  far  within  the  possible  limit  of  accuracy  of  the  obser- 
vations. 

"With  regard  to  the  calibration  of  the  piezometers,  it  would  ajspear 
that,  since  the  position  of  the  to^j  of  the  mercury  column  was  read 
directly  by  means  of  a  fixed  scale,  the  only  calibration  needed  was  the 
testing  of  the  graduations  of  the  scale  and  the  determination  of  the 
height  of  the  zero  of  the  scale  above  the  surface  of  the  mercury  in  the 
reservoir.  The  degree  of  precision  needed  in  the  latter  determination 
was  not  great,  for  reasons  stated  in  the  j^aper.  The  scales  used  were 
accurately  graduated  by  a  reliable  maker,  and  were  undoubtedly  cor- 
rect to  an  even  greater  degree  of  precision  than  the  nature  of  the  ex- 
jjeriments  necessitated. 

The  diameters  of  the  steel  and  wooden  jupes  were  not  determined 
by  direct  measurement.  The  conditions  made  this  impossible,  even 
had  it  been  desirable.  The  diameters  were  computed  from  the  dimen- 
sions of  the  plates  used  (in  case  of  the  steel  pipe)   and  of  the  staves 
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(in  case  of  the  woocleu  pipe).     As  the  diameter  of  the  wooden  pipe  Messrs.  Marx, 
especially  has  been  questioned,  it  may  be  said  that  the  value  72.5  ins.       Hoskins. 
was  taken  from  the  data  given  in  Mr.  Goldmark's  paper.* 

"  The  pipe  was  built  of  thirty-two  staves,  the  finished  staves  being 
7^  ins.  wide  on  the  outside,  7^  ins.  wide  on  the  inside  and  2  ins.  in 
thickness.  *  *  *  Both  sides  of  the  staves  were  dressed  in  a  plan- 
ing machine  to  conform  to  the  outlines  of  a  circle;  the  ontside  to  a 
circle  of  38^  ins.  radius,  and  the  inside  to  a  circle  of  86^  ins.  radius." 

If,  instead  of  taking  the  value  here  given  for  the  inner  radius,  36j 
ins.,  the  radius  is  computed  from  the  width  of  the  staves,  a  slightly 
greater  value  results.  The  value  of  the  diameter  thus  computed  is 
72.57  ins.  or  72.69  ins.,  according  to  whether  the  width  7s  ins.  was 
measured  along  the  circular  arc  or  along  the  chord.  It  thus  ajjpears 
that  the  dimensions  of  the  staves  give  a  value  of  the  diameter  a  little 
greater  than  the  value  used  by  the  authors,  rather  than  a  little  less,  as 
stated  by  Mr.  Henny.  As  regards  the  effect  of  the  swelling  of  the 
wood  upon  the  diameter,  the  authors  can  express  no  opinion,  having 
no  experimental  knowledge.  Neither  can  definite  information  be 
given  as  to  changes  in  the  shape  and  size  of  the  cross-section  due  to 
earth  pressure. 

Two  remarks  seem  pertinent  in  this  connection:  First,  whatever 
uncertainty  exists  as  to  the  value  of  the  diameter  of  the  stave  pijje 
when  in  use,  similar  uncertainty  will  exist  in  case  of  any  pipe  line  to 
be  designed  in  the  future.  Second,  the  greatest  possible  error  that  can 
be  attributed  to  this  uncertainty  is  insignificant  in  comparison  with 
the  difference  between  the  results  shown  by  the  Ogden  exjieriments 
and  those  hitherto  accepted  by  some  engineers. 

The  question  has  been  raised  as  to  whether  the  observations  may 
not  have  been  vitiated  by  the  presence  of  air  in  the  water.  There  are 
two  ways  in  which,  conceivably,  air  may  influence  measurements  of 
the  kind  under  discussion — by  accumulating  at  the  summits  of  the  pipe 
line,  thus  reducing  the  cross-section  at  these  points,  and  by  accumu- 
lating in  the  piezometer  pipes.  As  to  the  former,  it  may  be  said  that 
the  air-valves  along  the  entire  pipe  line  were  opened  every  morning 
for  the  escape  of  whatever  air  might  have  accumulated.  Although  it 
is  true  that  au'-valves  are  not  jjresent  at  all  the  summits  of  the  wooden 
pi^je,  the  slope  of  this  pipe  is  everywhere  so  small  that  the  accumula- 
tion of  air  seems  improbable.  Moreover,  as  remarked  by  Mr.  Henny, 
the  relief  shaft  at  the  tunnel  would  have  the  effect  of  freeing  the  water 
from  air  just  before  it  entered  the  section  of  wooden  pipe  experi- 
mented on.  It  may  be  said  further  that  if  air  in  this  pipe  had  been  a 
serious  disturbing  factor,  the  results  would  have  shown  much  greater 
irregularity  than  is  indicated  in  Fig.  10.  As  to  the  possible  effect  of 
air  in  the  joiezometer  connections,  the  authors  fiilly  recognized  the  ne- 
cessity of  keeping  these  connections  free  from  air.     As  stated  in  the 

*  Transactions,  Am.  Soc.  C.  E.,  "Vol.  xxxviii,  p.  268. 
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Messrs.  Marx,  paper,  an  air-cock  was  in  each  case  placed  at  the  highest  point  of  the 
Hofkins.  pip^  leading  from  the  pressure-section  to  the  iJiezometer,  and  this  was 
frequently  opened  for  the  escape  of  air. 

It  may  be  said  that,  in  the  manipulation  of  the  air-cocks,  no  notice- 
able amount  of  air  was  in  any  case  found  to  have  accumulated.  That 
a  small  quantity  did  collect  when  the  gauges  were  out  of  use  for  sev- 
eral hours  was  shown  by  the  fact  that  slightly  different  gauge-read- 
ings were  sometimes  obtained  before  and  after  the  cock  was  opened  at 
the  beginning  of  a  series  of  observations. 

The  question  as  to  the  probability  of  sediment  having  been  present 
in  the  pipe  in  quantities  sufficient  to  affect  appreciably  its  carrying 
capacity  has  been  answered  by  Mr.  Goldmark.  It  may  be  said  further, 
that  twice  during  the  period  covered  by  the  observations  the  interior 
of  the  steel  i^ipe  was  examined  throughout  its  entire  length,  and  that 
no  important  amount  of  sediment  was  found. 

In  reply  to  Mr.  Noble's  question  regarding  variations  in  the  rate  of 
discharge  during  the  periods  of  observation,  reference  may  be  made 
to  what  is  said  under  the  heading  "Plotting  of  Keduced  Readings," 
page  480,  and  to  the  samj)le  curves  in  Figs.  4  and  5.  The  steadiness  of 
the  rate  of  discharge  is  shown  by  the  curves  giving  difference-gauge 
readings.  At  the  time  when  the  experiments  were  made,  the  con- 
sumption of  water  in  the  supply  of  power  to  customers  was  not  subject 
to  frequent  variation,  and  the  total  rate  of  discharge  could  be  ad- 
justed, within  certain  limits,  to  the  needs  of  the  experiments. 

The  reason  a  longer  section  of  the  wooden  jjipe  was  not  used  in  the 
experiments  was  on  account  of  the  existence  of  the  open  stand-jnise  at 
the  tunnel,  permitting  an  overflow  of  water  until  the  velocity  reached 
about  1.5  ft.  per  second.  It  was  desired  to  extend  the  observations  to 
as  low  velocities  as  practicable,  especially  as,  under  the  conditions 
then  existing,  the  range  was  necessarily  limited  to  velocities  below  4 
ft.  per  second. 

In  reply  to  Mr.  Henny's  question  as  to  the  attachment  of  piezome- 
ters to  the  wooden  pipe,  it  is  to  be  said  that  it  was  necessary  to  taj) 
the  pipe  when  under  pressure,  and  that  it  was  not  practicable  to  in- 
sure perfect  smoothness  of  the  hole  and  freedom  from  si)linters.  That 
no  serious  splintering  occurred  was  indicated  by  the  smoothness  of 
the  issuing  jet.  The  authors  see  no  reason  to  believe  that  the  pres- 
ence of  splinters  at  the  inner  edge  of  the  hole  would  have  an  ajDpreci- 
able  effect  ujjon  the  indications  of  the  piezometer. 

Some  remarks  may  be  made  by  way  of  general  comment  upon  the 
conditions  under  which  the  experiments  were  made,  and  uj^on  the 
methods  adopted.  If  comparison  be  made  with  similar  experiments 
made  elsewhere,  it  will  be  seen  that  the  Ogden  experiments  were 
made  under  conditions  some  of  which  were  favorable  and  others  some- 
what unfavorable. 
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The  conditions  for  measui'ing  the  rate  of  discharge  were  exception-  Messrs.  Marx, 
ally  favorable,  owing  to  thejjresence  of  the  Venturi  meters.  Therelia-  Hofkins! 
bility  of  these  measurements  has  not  been  questioned  in  the  discussion. 
It  is  believed  that,  where  Venturi  meters  are  available,  most  engineers 
will  prefer  this  method  of  measurement,  both  to  the  use  of  weirs  and 
to  direct  measurement  in  a  reservoir.  While  weir  measurements  of  the 
most  careful  kind  will  doubtless  yield  results  which  many  engineers 
would  regard  as  fully  equal  in  reliability  to  those  obtained  with  Ven- 
turi meters,  it  is  probable  that  this  high  standard  has  been  reached  in 
only  a  few  of  the  weir  measurements  made  in  experiments  on  the 
carryin'g  capacity  of  large  pipes. 

As  regards  the  measurement  of  lost  head,  whei'e  the  pressure  con- 
ditions permit  the  use  of  water  piezometers,  these  are  to  be  preferred 
to  mercury  gauges,  since  their  indications  are  moi-e  precise  in  the  ratio 
of  the  density  of  mercury  to  that  of  water.  The  experience  of  the 
authors  leads  them  to  believe,  however,  that  if  the  mercury  gauge  is 
read  to  the  thousandth  of  a  foot,  the  last  figure  will  ustially  be  correct 
to  within  one  unit.  An  error  of  0.002  ft.  would  be  equivalent  to  less 
than  0.03  ft.  of  water. 

It  is  true  that  a  great  length  of  pipe  is  to  be  preferred  to  a  small 
length,  other  conditions  being  equally  favorable,  since  a  given  error  in 
the  measured  loss  of  head  is  important  in  inverse  ratio  to  the  length. 
It  may  be  suggested,  however,  that  the  use  of  the  long  pipe  may  not 
be  without  its  disadvantages,  among  w^hich  may  be  mentioned  the  in- 
creased difficulty  of  avoiding  the  accumulation  of  air  at  summits. 

It  should  be  observed  that  the  sacrifice  of  precision  involved  in 
the  use  of  mercury  gauges  instead  of  water  columns,  and  in  the  use  of 
a  comparatively  short  length  of  pipe,  may  be  compensated  by  multi- 
plying the  number  of  observations.  The  observational  errors  in  the 
values  of  the  lost  head  are  true  "  accidental  "  errors,  as  likely  to  be 
plus  as  minus.  The  importance  of  these  errors,  as  affecting  the  mean 
of  the  series  of  results,  is  indicated  by  the  degree  of  accordance  of 
the  results  among  themselves.     This  question  will  be  discussed  below. 

The  most  unfavorable  feature  of  the  experiments  was  the  leakage 
in  the  mercury  gauge  at  the  lower  end  of  the  steel  pipe.  This  has  been 
fully  discussed  in  the  paper,  and  needs  no  further  comment  here.  The 
authors  would  only  remark  that,  although  the  steel  pipe  observations 
show,  on  this  account,  less  accordance  than  was  expected,  the  general 
results  are  believed  to  be  fairly  reliable.  Their  reliability,  in  fact,  has 
been  accepted  practically  by  those  who  have  discussed  the  paj)er. 

(2)  Accordauce  of  ResnUs. — Some  light  is  thrown  upon  the  degree 
of  ijrecision  of  the  results  by  a  careful  examination  of  their  accordance 
among  themselves. 

It  has  been  pointed  out  that  the  values  of  c  for  low  velocities  show 
very  considerable  discrepancies.     The  values  of  c  do  not,   however, 
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give  direct  indication  of  the  degree  of  precision  of  the  measurements. 
This  is  to  be  ascertained  by  comparison  of  the  values  of  the  quantities 
directly  measured  rather  than  of  quantities  computed  from  them. 
The  valties  of  the  lost  head,  being  obtained  by  taking  diflferences  of 
observed  quantities,  may  be  treated  as  if  obtained  by  direct  observa- 
tion, and  their  accordance  gives  a  direct  indication  of  the  precision  of 
the  observations;  Avhile  the  values  of  c,  which  vary  inversely  with  f-, 
magnify  the  errors  very  greatly  for  small  values  of  r. 

Referring  first  to  the  steel  pipe  observations,  the  best  indication 
of  the  degree  of  accordance  is  afforded  by  Fig.  6.  It  is  seen  that  the 
observations  at  low  velocities  show  about  the  same  accordance  as  the 
rest  of  the  series. 

If  the  curve  shown  in  Fig.  6  be  taken  as  representing  the  mean 
values  resulting  from  the  series  of  observations,  the  probable  error  of 
an  observation  may  be  estimated  by  computing  residuals  from  the 
mean  values,  and  applying  the  usual  formula.  These  residuals  are 
found  by  subtracting  from  each  "observed"  value  of  H' the  value 
given  by  the  curve  for  the  same  velocity.  Applying  the  least-squares 
formula,  the  probable  error  of  a  single  observation  is  found  to  be 
0.0142.  This  is  the  probable  error  of  an  observed  value  of  the  loss  of 
head  per  thousand  feet.  Multii^lying  by  the  length  of  the  pipe  ex- 
pressed in  thousands  of  feet,  we  find  0.062  ft.  as  the  probable  error  of 
an  observed  value  of  the  total  loss  of  head. 

The  error  in  c  caused  by  a  given  error  in  H'  may  be  found  by  differ- 
entiating the  formula  v  =^  c  -x/rs,  which  may  be  written 


25.8 


VW 


dc=- 


SH'. 


If  Sc  is  the  error  in  c  caused  by  an  error  5  H'  in  H',  we  have 

12.9  ? 

Using  this  relation,  and  assuming  0.0142  as  the  probable  error  of  H', 
the  values  of  the  probable  error  of  c  for  different  values  of  v  are  as 
follows: 


V 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

p.  E.ot  c 

59 

15 

6.5 

3.7 

2.3 

1.6 

1.2 

0.91 

It  should  be  noticed  that  these  values  denote  the  probable  error  of 
the  value  of  c  derived  from  a  single  observation,  not  that  of  the  adopted 
mean  values.  Of  the  degree  of  precision  of  these  mean  values,  no  very 
definite  estimate  can  be  made,  since  the  values  of  H'  given  by  the  curve 
in  Fig.  6  for  different  values  of  v  are  not  obtained  by  averaging  several 
direct  observations  on  a  quantity  whose  true  value  is  constant,  and  no 
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accurate  estimate  can  be  made  of  tlie  numbei*  of  observations  con- 
tributing to  the  average  result  adopted  for  a  given  value  of  v.  The 
mean  values  must,  however,  be  regarded  as  having  a  decidedly  higher 
degree  of  precision  than  a  single  observed  value. 

The  sinuous  character  of  the  mean  curve  showing  values  of  c  (Fig. 
7)  has  been  referred  to  as  casting  suspicion  on  the  results.  As  stated 
in  the  paper,  the  authors  do  not  regard  the  exioeriments  on  the  steel 
pipe  as  suflBciently  precise  to  exclude  the  possibility  that  this  sinu- 
osity may  be  due  to  uncompensated  errors.  It  may  be  remarked,  how- 
ever, that  such  a  variation  of  c  with  the  velocity  cannot  be  regarded  as 
extremely  improbable  a  priori,  especially  if  c  is  nearly  constant,  as 
seems  to  be  the  case  for  considerable  ranges  of  velocity  in  large  riveted 
pipes.  A  constant  value  of  c  would  mean  that  the  loss  of  head  varies 
as  the  square  of  the  velocity.  This  law  would  give,  in  Fig.  6,  a  para- 
bola with  vertex  at  the  origin  and  axis  vertical.  It  is  entirely  possible 
to  assume  a  curve  intersecting  a  given  parabola  in  several  points,  with- 
out implying  any  irregularity  in  the  law  connecting  H'  and  v.  The 
curve  shown  in  Fig.  6  implies  a  fairly  regular  law,  notwithstanding 
that  the  corresponding  curve  for  c  is  sinuous. 

If  the  precision  of  the  observed  values  of  H'  for  the  wooden  pipe  be 
estimated  in  the  above  manner,  adopting  the  mean  curve  shown  in 
Fig.  10,  the  results  reached  are  the  following: 

Probable  error  of  H'  =  0.0123. 

Probable  error  of  an  observed  value  of  the  total  loss  of  head  be- 
tween jiressure  stations  =  0.0123  x  2.71  =  0.033. 

If  the  very  discrepant  observation  No.  46  be  omitted,  these  values 
are  reduced  to  0.00802  and  0.022.  Adopting  the  larger  values,  the 
probable  error  of  the  value  of  c  obtained  from  a  single  observation, 
computed  as  in  the  case  of  the  steel  pipe  observations,  has  the  follow- 
ing values  for  different  velocities: 


3Iessrs.  Marx, 
Wing  and 
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Referring  to  Mr.  Noble's  statement  that  the  exi^eriments  appear  to 
show  no  uniformity  in  the  relation  between  mean  velocity  of  flow  and 
loss  of  head,  it  may  be  pointed  out  that,  in  the  case  of  the  experiments 
on  the  w'ooden  pipe  this  relation  apj^ears  to  be  well  rejiresented  by  the 
equation 

H'  =  0.0314??  +  0.0343  ?j2. 

The  fact  that  this  relation  holds,  within  the  range  of  the  experiments, 
does  not,  of  course,  warrant  its  application  to  higher  velocities. 
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Messrs.  Marx,  (3)  Comparison  with  Other  Experimental  Data. — Many  data  relat- 
HoSiins.  iiig  to  the  carrying  capacity  of  large  riveted  pipes  are  available. 
Altliongh  a  considerable  gap  exists  between  the  size  of  the  Ogden  pipe 
and  the  sizes  of  the  largest  pipes  previously  experimented  on,  the  re- 
sults appear  to  be  accepted  as  in  agreement  with  what  previous  knowl- 
edge would  lead  us  to  expect. 

In  the  case  of  wooden  pipe  very  little  experimental  knowledge  is 
available  for  comparison.  Reference  is  made  in  the  paper  to  three 
experiments,  and  to  these  Mr.  Adams  has  now  added  a  fourth.  The 
published  accounts  of  the  gaugings  of  the  Denver  and  Butte  City  con- 
duits are  very  meager,  and  without  further  information  as  to  the 
methods  used,  the  results  do  not  appear  to  be  entitled  to  great 
weight.*  The  diametei's  of  these  conduits  are  30  ins.  and  24  ins., 
respectively,  while  those  of  the  pipes  experimented  upon  by  Mr. 
Adams  at  Astoria  and  at  Los  Angeles  are  18  ins.  and  14  ins. ,  respect- 
ively. Experiments  with  pipes  of  these  sizes,  however  reliable,  do 
not  afford  a  safe  basis  for  estimating  the  capacity  of  a  conduit  72  ins. 
in  diameter. 

It  is  true  that  in  the  absence  of  experimental  knowledge  obtained 
directly  from  wooden  pipes,  many  engineers  have  felt  justified  in 
using  the  results  of  experiments  made  upon  smooth  cast-iron  pipes, 
and  upon  open  conduits  with  comparatively  smooth  surfaces.  Even 
on  this  basis  not  many  data  are  available  for  estimating  the  capacity 
of  pipes  as  large  as  6  ft.  in  diameter.  So  far  as  known  to  the  authors, 
the  experiments  of  Stearns  and  FitzGerald  are  the  only  careful  gaug- 
ings made  of  smooth  pipes  of  diameters  as  great  as  4  ft. ,  previous  to 
those  at  Ogden.  f 

The  curves  given  by  Hamilton  Smith,  Jr.,  M.  Am.  Soc.  C.  E., 
showing  the  relation  between  c  and  v  for  different  diameters  up  to  8 
ft.,  appear  to  be,  for  the  larger  sizes,  mainly  speculative,  obtained  by 
assuming  that  the  laws  observed  to  hold  for  small  pipes  may  be  ex- 
pected to  hold  for  large  sizes  also.  Such  an  extension  of  a  purely 
empirical  law  far  beyond  the  limits  of  the  data  upon  which  it  is  based 
can  afford  no  reliable  basis  for  estimating  the  credibility  of  a  new  set 
of  experimental  results. 

To  reason  from  cast-iron  or  cement-lined  pipes  to  wooden  pij^es 
involves  the  assumjjtion  of  equal   "smoothness."     To  reason  from 

*  Mr.  D.  C.  Henny  informs  the  authors  that  the  Butte  City  gauging  was  made  by 
him,  and  that  the  method  used  in  measuring  the  velocity  of  flow  was  not  such  as  to 
insure  a  high  degree  of  accuracy.  In  regard  to  the  Denver  experiment,  the  statement 
of  Mr.  Schuyler,  in  the  paper  already  cited,  that  the  discharge  measurements  were 
checked  by  the  use  of  a  current  meter,  indicates  that  the  standard  of  accuracy  was 
not  high. 

tin  the  translation  of  the  work  of  Ganguillet  and  Kutter,  by  Hering  and  Traut- 
wine,  the  result  of  an  experiment,  by  Jas.  M.  Gale,  on  a  new  cast-iron  pipe  4  ft.  in 
diameter,  and  3J  miles  long,  is  given.  The  value  of  c  is  112.4  for  a  velocity  of  3.458  ft.  per 
second,  the  corresponding  value  of  n  being  U.OKiS.  It  will  be  noticed  that  this  value  of 
c  is  very  decidedly  lower  than  those  foiuid  by  Stearns  and  FitzGerald.  The  method  of 
measurement  is  not  stated,  and  the  degree  of  reliability  of  the  results  is  unknown. 
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ojjen  conduits  of  various  shapes  to  a  closed  circular  pipe  involves  Messrs.  Marx, 
the  assumption  that  the  effect  of  the  form  of  the  cross-section  Hofkins. 
upon  the  loss  of  head  is  wholly  accounted  for  in  the  value  of  the 
hydraulic  radius.  In  the  oi:)inion  of  the  authors  neither  assiimption  can 
be  justified  theoretically,  or  (in  the  present  state  of  knowledge)  ex- 
perimentally. The  words  "rough"  and  "smooth,"  when  applied 
to  the  inner  surface  of  a  conduit,  must*  be  understood  as  referring  to 
the  total  effect  of  the  inner  surface  in  retarding  the  flow.  Whether 
the  adhesion  of  water  is  greater  or  less  for  a  surface  of  water-soaked 
wood  than  for  an  asphaltum-coated  surface  of  cast  iron  can  be  known 
only  by  experiment. 

Causes  of  Loss  of  Head. 

Among  the  questions  considered  in  the  correspondence  is  that  of 
the  causes  of  the  losses  of  head  obsei'ved  in  the  steel  and  wooden 
pipes.  No  attempt  was  made  by  the  authors  to  estimate,  separately, 
the  effects  of  the  various  conditions  which  obviously  contributed  to 
the  total  losses  observed.  The  values  found  for  H',  c  and/"  are  to  be 
regarded  as  resultant  values,  due  to  the  combined  effect  of  all  resist- 
ances. 

Mr.  Kuichling's  method  of  estimating  the  loss  of  head  due  to  rivet 
heads  or  other  protuberances  is  to  be  justified,  if  at  all,  by  com- 
parison with  experimental  results,  not  only  in  this  case,  but  in  many 
cases.  The  Weisbach  formula,  upon  which  the  method  is  based, 
must  be  regarded  as  empirical,  and  this  application  appears  to  be 
a  very  radical  extension  of  the  limits  within  which  the  formula  is  to 
be  used. 

Mr.  Le  Conte  suggests  that  the  value  of  c  for  the  steel  pipe  is 
a  function  of  the  thickness  of  the  plates  of  which  the  pipe  is 
made.  In  the  case  of  lap-jointed  j^ipes,  whether  "taper"  or 
"cylinder,"  it  is  reasonable  to  suppose  that  the  thickness  of  the 
plates  is  one  of  the  factors  governing  the  loss  of  head,  but  it  is  not 
evident  that  this  is  the  case  when  butt  joints  are  used,  as  in  the 
Ogden  pipe. 

It  may  reasonably  be  assumed  that  a  portion  of  the  loss  of  head, 
in  both  the  steel  and  the  wood  pipes,  is  due  to  bends.  The  amount 
of  this  effect  is  a  matter  of  great  interest  and  importance;  but  in  the 
present  state  of  experimental  knowledge  it  seems  useless  to  attempt  a 
quantitative  estimate.  The  authors  do  not  regard  it  as  improbable 
that  a  straight  pipe,  otherwise  similar  to  the  wooden  pipe  experi- 
mented upon,  woiild  give  values  of  c  materially  higher  than  those 
found.  As  a  guide  to  futixre  design,  however,  the  results  do  not  lose 
value  by  reason  of  the  bends,  since  in  practice  the  existence  of  bends 
will  be  the  rule  rather  than  the  exception. 


564 


CORRESPONDENCE    ON    FLOW    OF    WATER. 


Messrs.  Marx, 

Wing  and 

Hoskins. 


Applicability  of  Kxjttee's  Foemula. 

In  the  opinion  of  tlie  authors,  no  rational  formula  for  the  discharge 
of  pipes  is  in  existence,  and  the  complexity  of  the  conditions  affect- 
ing loss  of  head  is  such  as  to  offer  little  ground  for  the  belief  that 
such  a  formula  will  be  discovered  in  the  future.  So  far  as  theoretical 
basis  is  concerned,  the  Chezy  formula  is  as  satisfactory  as  any. 

The  Kutter  formula  is  merely  an  attempt  to  express  the  value  of 
c  in  the  Chezy  formula  as  a  function  of  three  quantities,  "roughness  " 
of  surface,  hydraulic  radius,  and  hydraulic  slope.  It  is  jnirely  em- 
pirical, and  is  based  wholly  upon  experimental  data  obtained  from 
open  channels.  The  authors  of  the  formula  designed  it  for  applica- 
tion only  to  open  channels,  and  although  it  is  now  quite  extensively 
applied  to  closed  pipes,  the  data  iipon  which  this  extension  is  based 
include  few  experiments  upon  large  circular  conduits.  The  authors 
have  pointed  out  in  the  paper  that  no  constant  value  of  »  (the  coeffi- 
cient of  roughness)  will  bring  their  results,  for  either  the  steel  or  the 
wooden  pij^e,  into  even  approximate  conformity  with  the  formula. 
The  variation  of  n  with  the  velocity  is  shown  in  the  following  table: 


V. 

n. 

Steel  pipe. 

Wood  pipe. 

1      

0.0135 
0.0142 
0.0144 
0.0145 

0.015 

0.0137 

3                      

0.0131 

4 

0.0128 

The  opinion  was  also  expressed  that  the  different  values  of  n  shown 
in  Table  No.  4  for  new  riveted  j^ipes  of  various  sizes  could  not  be  at- 
tributed to  diflt'erences  in  roughness.  Further,  it  was  pointed  out 
that  the  experiments  of  Mr.  Adams  at  Astoria,  on  an  18-in.  stave 
pipe,  when  compared  with  those  made  at  Ogden  by  the  authors  on  72- 
in.  pipe,  show  that  the  value  of  n  for  stave  pipe  must  be  regarded  as 
varying  with  the  diameter,  if  Kutter's  formula  is  to  be  a23plied.  The 
variation  of  n  with  the  velocity  has  been  noticed  in  various  other 
cases,  and  is  mentioned  by  several  writers.  In  view  of  these  facts, 
the  opinion  expressed  in  the  paper,  that  Kutter's  formula  must  be  re- 
garded as  defective  so  far  as  applicability  to  large  pipes  is  concerned, 
appears  to  be  fully  justified. 
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MEMOIES   OF   DECEASED   MEMBERS. 


WILLIAM  EZRA  WORTHEN,  Past-President  and  Hon.   M.  Am.  Soc. 

C.  E.* 


Died  Apeil  2d,  1897. 


William  Ezra  Wortlien,  Past-President  of  the  American  Society  of 
Civil  Engineers,  died  at  his  residence,  in  New  York  City,  on  April  2d, 
1897,  after  an  illness  of  some  months. 

Mr.  Worthen  was  born  at  Amesbury,  Mass.,  March  14th,  1819;  his 
father,  Ezra  Worthen,  having  been  one  of  the  i^rojectors  of  Lowell  as  a 
center  of  manufactures,  and  the  first  Suijerintendent  of  the  Merrimac 
Mills  from  date  of  June,  1822.  William  E.  Worthen,  after  having  been 
fitted  for  college  by  I.  B.  Hayward,  of  Boston,  was  entered  at  Harvard, 
and  graduated  from  that  institution  in  1838. 

He  commenced  the  profession  of  civil  engineering  under  the  tutor- 
ship of  S.  M.  Felton,  an  assistant  in  the  oflice  of  the  then  prominent 
engineer.  Colonel  Loami  Baldwin;  and  the  day  after  graduation  from 
Harvard  was  put  to  work  under  the  direction  of  George  R.  Baldwin, 
measuring  the  flow  of  the  water  used  at  the  Merrimac  Mills.  With  Mr. 
Baldwin  he  went  to  Boston  and  was  employed  in  the  surveys  and 
brook  measurements  for  an  increased  suj^ply  for  the  Jamaica  Ponds 
Water- Works,  a  private  enterijrise  for  sujjplying  Boston  with  water  by 
gravity.  He  then  returned  to  Lowell,  and,  under  the  late  James  B. 
Francis,  Past-President  and  Hon.  M.  Am.  Soc.  C.  E. ,  was  engaged  for 
some  time  in  general  hydraulic  and  mill  work. 

In  1840  Mr.  Worthen  was  with  Mr.  G.  W.  Whistler  on  the  Albany 
and  Stockbridge  Railroad,  commencing  with  the  preliminary  surveys 
of  the  road  and  remaining  until  its  comjjletion ;  7  miles  of  the  con- 
struction work  having  been  ^^nder  his  immediate  charge.  Returning 
to  Lowell  he  was  again  engaged  with  Mr.  Francis  in  hydraulic  work 
and  the  construction  of  the  lower  end  of  the  Northern  Canal;  he  then 
designed  and  built  a  dam  and  the  mills  on  the  Suncook,  at  Suncook, 
N.  H.  He  also  designed  and  constructed  a  dam  and  mills  for  the  Bos- 
ton Manufacturing  Company,  on  the  Charles  River  at  Waltham,  and 
the  Suffolk,  Tremont,  Lawrence,  Appleton  and  Hamilton  Mills  at 
Lowell.  He  reported  on  the  water  supply  of  Lowell,  and  for  a  time 
was  in  charge  of  the  cotton  mills  and  machine  shops  of  the  Boston 
Manufacturing  Company,  as  Acting  Superintendent. 

*  Memoir  prepared  by  Julius  W.  Adams.  George  S.  Greene,  Henry  Flad,  Joseph  P. 
Davis  and  Alphonse  Fteley,  Members,  Am.  Soc.  C.  E. 
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After  a  visit  to  Europe,  in  1849,  Mr.  Wortlien  came  to  New  York 
City  and  to  some  extent  devoted  himself  to  architectural  work,  build- 
ing the  structures  at  No.  200  Broadway.  At  the  same  time  he  took 
l^art  in  editing  several  mechanical  j^ublications.  In  1851  he  was  in 
charge  of  the  cotton  mills  and  machine  shops  of  the  Matteawan  Com- 
l^any  at  Fishkill;  but,  returning  to  New  York  in  the  following  year, 
he  was  again  engaged  as  an  architect,  designing  and  constructing, 
among  other  buildings,  the  bindery  of  the  Appleton  Publishing  Com- 
pany, in  Franklin  Street,  and  their  jDresent  works  in  Williamsburg. 
Later,  he  was  Engineer  of  the  New  York  and  New  Haven  Railroad 
and  Vice-President  of  that  road  until  1854,  under  Mr.  Robert  L. 
Schuyler. 

He  designed  and  built  the  dam  across  the  Bronx  River  at  West 
Farms;  and  then,  opening  an  office  in  New  Y'^ork  City,  supplemented 
his  architectural  and  engineering  practice  by  constructive  iron-work 
and  steam  heating  for  buildings.  He  was  engaged  for  a  long  time  in 
general  engineering  work;  building  the  dam  across  the  Mohawk  at 
Cohoes,  N.  Y".,  testing  steam  jjumping  machinery  at  many  points,  and 
designing  pumping  engines  for  Mr.  Kirkwood  for  his  reports  on  the 
Avater  supply  of  Cincinnati,  and  of  St.  Louis.  He  devised  floating 
grain  docks  for  the  same  engineer  at  the  Jersey  City  depots  of  the  Erie 
Railroad  Company,  and  was  Sanitary  Engineer  of  the  Metropolitan 
Board  of  Health,  of  New  York  City,  during  its  whole  existence,  1866- 
1869. 

Mr.  Worthen  had  much  practice  in  the  measurement  of  the  flow  of 
water  in  canals,  reporting  upon  this  class  of  work  for  Paterson,  Tren- 
ton, Passaic  and  Indianapolis,  among  the  more  important.  He  fin- 
ished the  Southern  Boulevard  in  New  York  City ;  built  the  first  pump- 
ing engine  at  High  Bridge,  New  York  City;  the  engine  at  Rockville 
Center  and  many  pumping  engines  of  smaller  capacity;  extended  the 
water  supply  of  the  City  of  Cohoes  and  finished  the  Water-Works  of 
Long  Island  City. 

As  Consulting  Engineer  he,  at  various  times,  examined  and  reported 
upon  the  Indianapolis  and  the  Hartford  Water- Works,  the  condition 
of  the  docks  of  New  York  City,  the  Riverside  Park,  the  extension  of 
the  streets  of  Brooklyn,  the  selection  of  pumping  engines  for  Boston, 
also  the  testing  of  large  i^umping  engines  at  Brooklyn,  Lawrence,  Jer- 
sey City,  Philadelphia,  St.  Louis,  Milwaukee  and  other  points.  For 
this  class  of  work  his  services  were  in  very  general  demand  for  many 
years.  In  1890  and  1891  he  served  as  Chief  Engineer  of  the  Chicago 
Main  Drainage  Canal.  He  was  Engineer  of  the  later  Commission  on 
Rapid  Transit  in  the  annexed  district  of  the  City  of  New  York,  and  re- 
ported upon  the  water-power  of  the  Falls  of  St.  Anthony,  Minn. 

He  served  on  a  committee  of  the  Society  ajjpointed  to  investigate 
the  failure  of  a  dam  at  Mill  River,  Williamsburg,  Mass.,  his  associates 
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being  James  B.  Francis  and  Theodore  G.  Ellis.     Their  report  will  be 
found  in  Transactions,  Vol.  Ill,  page  118. 

Mr.  Worthen  was  a  frequent  contributor  to  the  professional  dis- 
cussions of  the  Society,  and  j^resented  the  following  papers:  "Im- 
23rovement  of  Sedimentary  Rivers;"  Transactions,  Vol.  XX,  page  230; 
"Concrete  Sewers  at  Mount  Vernon,  N.  Y.,"  Vol.  XXIV,  page  393; 
*' Steam  Heating,"  Vol.  XXIV,  page  206. 

This  very  incomplete  sketch  will  give  some  idea  of  the  varied  prac- 
tice which  had  occujjied  Mr.  Worthen  during  a  long  and  most  active 
professional  life,  there  being  scarcely  a  branch  of  civil  or  mechanical 
engineering  wherein  his  professional  fitness  has  not  been  conspicuous 
in  a  marked  degree.  It  was  not  his  lot  to  project  or  carry  to  com- 
jaletion  great  works  of  internal  improvement,  such  as  challenge  the 
admiration  of  the  unthinking  ijublic,  but  in  a  very  unobtrusive 
way  he  continually  rendered  that  essential  service  toward  the  fur- 
thering of  enterjorise,  without  Which  the  best  conceived  projects 
would  prove  abortive.  To  a  remarkable  power  of  rapid  generaliza- 
tion, seemingly  incompatable  with  painstaking  accuracy,  he  united 
an  almost  intuitive  perception  of  the  requisite  expedients  of  detail  and 
design.  His  quickness  in  technical  analysis,  combined  with  the 
before-mentioned  qualities,  rendered  possible  the  successfvil  com- 
pletion of  many  important  works  with  which,  owing  to  a  forgetful- 
Bess  of  self,  his  name  is  scarcely  associated.  A  retentive  memory,  to 
sift  and  treasure  the  facts  in  science  and  art  which  extended  study  had 
opened  up  to  him,  the  tact  of  judicious  selection  and  application, 
originality  and  boldness  at  times  bordering  on  audacity,  and  a  posi- 
tiveness  that  silenced  all  opj^osition,  have  been  the  characteristic  fea- 
tures of  his  long  practice. 

Whatever  Mr.  Worthen  may  have  owed  to  study  or  experience  in 
the  arts  of  construction,  his  acknowledged  genius  (using  the  word  in 
its  strictest  sense)  stamped  him  as  an  engineer,  nascitur  nonfit. 

Mr.  Worthen  possessed  an  overflowing  vein  of  wit  and  humor; 
which  served  to  temper  the  asperities  not  unusual  in  professional  de- 
bates; this,  coupled  with  a  kindliness  of  disposition  which  could  see 
nothing  in  others,  to  s^^eak  of,  but  what  was  commendable,  led  to  his 
friends  being  numbered  only  by  his  acquaintance.  His  social  rela- 
tions were  of  the  happiest  kind,  and  his  memoi'y  will  long  be  prized  by 
all  who  knew  him. 

He  married  Miss  Mai'garet  Hobbs,  of  Boston,  who  survives  him. 

Mr.  Worthen  became  a  Member  of  the  American  Society  of  Civil 
Engineers  December  4th,  1867.  He  was  elected  President  of  the  So- 
ciety January  19th,  1887,  and  served  one  term;  he  was  made  an 
Honorary  Member  of  the  Society  April  4th,  1893. 
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BURR  KELLOGG  FIELD,  M.  Am.  Soc.  C.  E. 


Died  Januaky  13th,  1898. 


Burr  Kellogg  Field  was  born  at  Auburn,  Ind.,  on  the  5th  day  of 
May,  1856.  Soon  after  his  birth  his  parents  moved  to  Malden-on-the 
Hudson,  in  New  York  State.  He  prej)ared  for  college  at  the  St. 
John's  Military  School  at  Sing  Sing,  N.  Y.,  and  entered  the  Sheffield 
Scientific  School  of  Yale  University  in  the  fall  of  1874,  graduating 
with  the  Class  of  1877.  His  college  career  was  not  marked  with  any 
extraordinary  incidents  except  his  great  popularity  among  his  asso- 
ciates. Owing  to  his  exceedingly  affable,  pleasant  and  generous  ways 
he  was  christened  by  his  associates  "The  Cherub,"  by  which  name 
he  was  known  among  his  intimates  until  the  last  day  of  his  life.  Mr. 
Field's  parents  were  wealthy,  and  he  was  denied  nothing  during  his 
college  course  which  would  add  to  his  haj^piness  or  contentment  or 
in  any  way  assist  him  in  the  prosecution  of  his  studies.  Ten  days 
before  commencement  his  father  failed  in  business,  and  Mr.  Field 
graduated  from  college  in  a  worse  than  penniless  condition,  being- 
obliged  to  borrow  money  from  his  associates  to  pay  his  ordinary 
student's  bills  in  and  about  New  Haven. 

Burr  K.  Field  commenced  his  engineering  career  after  graduating 
from  the  course  of  civil  engineering  at  Yale  University  as  a  water  boy 
to  a  section  gang  on  the  Baltimore  and  Ohio  Eailroad  at  the  salary  of 
$3  per  week.  Every  engineer  knows  of  the  struggle  for  existence  of 
the  young  engineering  graduates  during  the  period  of  1877,  1878  and 
1879,  and  Mr.  Field's  case  was  no  different,  except  that  circumstances 
forced  him  to  provide  for  the  supi^ort  of  his  aged  father  and  mother 
and  younger  brother  and  sister  out  of  his  scant  earnings. 

In  July,  1878,  he  entered  the  service  of  the  St.  Louis  and  San 
Francisco  Railroad,  in  the  department  of  tracks,  bridges  and  build- 
ings, where  he  remained  until  September  10th  when  he  entered  the 
employ  of  the  Denver  and  Rio  Grande  Railroad  as  a  rodman  on  the 
New  Mexico  and  Colorado  Division.  After  leaving  the  Denver  and 
Rio  Grande  Railroad  he  was  engaged  as  a  rodman  on  the  construction 
of  the  Omaha  extension  of  the  Old  North  Missouri  Railroad  until 
August,  1879,  when  he  was  appointed  as  a  rodman  on  the  Wichita 
extension  of  the  St.  Louis  and  San  Francisco  Railroad,  in  which  jjiace 
he  remained  until  the  spring  of  1880,  occupying  successively  the 
positions  of  rodman,  leveler  and  topographer. 

In  the  spring  of  1880  J.  F.  Hinckley,  M.  Am.  Soc.  C.  E. ,  was  de- 
tailed  by   the   St.    Louis   and  San   Francisco   Railway  Company  to 

*  Memoir  prepared  by  Charles  M.  Jarvis,  M.  Am.  Soc.  C.  E. 
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make  surveys  from  what  is  now  Monett,  Mo.,  to  Van  Btiren,  Ark.,  and 
Mr.  Field  was  engaged  by  him  as  topographer.  He  remained  with 
Mr.  Hinckley  until  the  completion  of  the  preliminary  surveys.  Much 
of  the  country  traversed  was  wild  and  broken  in  the  extreme,  and 
little  or  nothing  was  known  about  it  previous  to  these  surveys.  Mr. 
Field  continued  as  topographer  on  location,  under  A.  P.  Man,  M.  Am. 
Soc.  C.  E.,  principal  assistant  engineer,  and  later  under  Mr.  M.  N. 
Randall,  locating  engineer.  The  work  covered  the  territory  between 
Fayetteville,  Ark.,  and  Van  Biiren,  Ark.,  the  line  crossing  the  Boston 
Mountains,  near  where  the  present  station  of  Winslow  is  located. 
Later  Mr.  Field  was  f)laced  as  engineer  in  charge  of  masonry,  trestles 
and  bridging  on  the  line  between  Winslow  and  Van  Buren.  The 
masonry  and  bridging  on  this  portion  of  the  line  is  imj^ortant  m 
character,  the  streams  crossed  being  rapid  torrents,  and  the  founda- 
tions being  difficult  to  sink.  Under  his  direction  there  were  con- 
structed three  iron  trestles  ranging  from  400  to  700  ft.  in  length  and 
from  100  to  120  ft.  in  height,  besides  some  twenty  spans  of  Howe  truss 
bridges  resting  on  masonry  piers.  Upon  the  completion  of  this  work 
in  the  summer  of  1881,  Mr.  Field  joined  one  of  the  surveying  parties 
under  the  charge  of  R.  L.  Van  Sant,  M.  Am.  Soc.  C.  E.,  to  complete 
the  location  between  Van  Buren  and  Fort  Smith,  and  to  make  prelimi- 
nary surveys  through  the  country  from  Fort  Smith  to  Paris,  Tex. 
He  remained  in  this  position  until  February,  1882,  when  he  was 
aijpointed  Assistant  Engineer  on  the  Northern  Pacific  Railroad. 

James  Dun,  M.  iVm.  Soc.  C.  E.,  now  chief  engineer  of  the  Atchison, 
Topeka  and  Santa  Fe  Railroad,  who  was  at  this  time  chief  engineer  of 
the  St.  Louis  and  San  Francisco  Railroad,  speaks  of  Mr.  Field  in  the 
following  terms: 

"My  recollections  of  Mr.  Field  are  of  the  most  favorable  nature, 
and  I  shall  always  retain  the  highest  impressions  of  his  character, 
professionally  and  personally.  During  the  time  he  was  engaged  upon 
the  St.  Louis  and  San  Francisco  Railroad  he  was  associated  with  men 
more  than  ordinarily  bright,  and  who  have  since  all  won  an  honorable 
place  in  the  profession  which  they  adojDted;  and  among  them  all  I 
know  of  no  one  who  promised  to  attain  more  than  he.  He  was  uni- 
versally liked  by  his  associates  and  by  all  who  came  in  contact  with 
him,  and  his  untimely  taking  off  was  deeply  regretted  by  all  of  his 
earlier  friends  and  associates  in  the  West." 

From  February,  1882,  to  November,  1883,  Mr.  Field  was  Assistant 
Engineer  on  the  Northern  Pacific  Railroad,  part  of  the  time  in  charge 
of  the  construction  of  the  Yellowstone  Division,  and  later  in  charge  of 
the  tracks  and  bridges  in  the  construction  of  the  52  miles  of  the 
National  Park  Branch,  connecting  the  Yellowstone  Park  with  the 
Northern  Pacific. 

On  January  17th,  1884,  he  was  appointed  by  Mr.  John  D.  Esta- 
brook,  then  Chief  Highway  Commissioner  of  the  City  of  Philadelphia, 
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to  the  important  position  of  Superintendent  of  Bridges  in  the  High- 
way Department  of  the  City  of  Philadelphia,  "  which  position  he 
filled  in  a  thorough  and  conscientious  manner,  ever  looking  out  for  the 
public  welfare  regardless  of  party  pressure  or  selfish  ends." 

Two  years  later  in  1886  Mr.  Field  accepted  an  appointment  as 
Assistant  Engineer  of  the  Berlin  Iron  Bridge  Company,  of  East  Berlin, 
Conn.  His  advancement  with  this  company  was  very  rapid,  and  at  the 
time  of  his  death  he  occupied  the  imjiortant  jDosition  of  Vice-Presi- 
dent, having  full  charge  of  the  making  of  all  contracts.  During  Mr. 
Field's  connection  with  this  company  its  business  was  much  extended, 
and  its  product  introduced  into  all  parts  of  the  world.  In  achiev- 
ing this  Mr.  Field  had  no  small  part,  and  his  death  has  been  a  severe 
loss,  not  only  to  the  company,  but  also  to  his  associates. 

Mr.  Field  was  an  indefatigable  worker,  not  only  for  the  corpora- 
tions which  he  so  faithfully  served,  but  in  every  walk  of  life.  He 
was  a  friend  of  his  fellow-men,  a  devoted  and  earnest  worker  in  the 
church,  a  staunch  friend  to  the  cause  of  temperance,  and  active  and 
energetic  in  every  public  position  that  engaged  his  attention.  To 
quote  from  the  words  of  a  friend : 

"  There  is  a  vacant  place — yes,  not  one  but  many  vacant  places  in 
our  midst,  and  his  absence  from  these  we  know  and  feel  is  our  great 
loss.  There  are  vacant  posts  of  duty  which  were  always  well  filled. 
How  many  and  varied  they  were!  The  posts  of  great  business  respon- 
sibility; of  influence  in  Church  work;  of  prominence  in  the  efi"orts  for 
good  citizenship.  The  earnest  and  conscientious  life  which  occupied 
these  i^laces  has  been  taken  from  us,  and  we  feel  our  loss.  But  not 
only  in  the  large  and  more  important  i^ositions  do  we  know  that  a  loss 
has  come,  but  such  was  the  largeness  of  his  life  and  eftbrts  that  within 
the  small  i^laces  there  is  a  vacancy;  there  are  vacant  places  in  those 
higher  realms  of  life's  experience — friendship  has  lost  a  true  friend; 
earnest  and  conscientious  service  in  the  Chiirch  has  lost  a  bright  ex- 
ample; Christianity  has  lost  a  good  Christian.  Think  of  what  is  good 
and  bright — he  stood  for  that.  Think  of  what  is  true  and  earnest — he 
stood  for  that.  Think  of  what  is  unselfish  and  noble  —he  stood  for 
that.  Think  of  what  is  tender  and  sympathetic — he  exemjjlified  that. 
From  whatever  standpoint  we  view  his  life,  as  a  business  man,  a 
citizen,  a  member  of  the  Church,  a  friend,  or  the  head  of  a  family,  we 
behold  one  who  stood  for  what  was  best  and  true  m  all  these.  To  say 
such  of  Burr  K.  Field  is  not  to  speak  flattery  or  extravagant  eulogy, 
but  only  to  sjDeak  the  sober  truth." 

In  the  flush  of  manhood  he  was  taken  away  without  an  instant's 
warning. 

While  engaged  with  the  St.  Louis  and  San  Francisco  Eailroad,  he 
became  acquainted  with  Miss  Juanite  Bovniand,  the  daughter  of 
Doctor  Bourland,  of  Van  Buren,  Ark.,  to  whom  he  was  wedded  on  the 
5th  day  of  May,  1886,  and  who,  with  two  children,  survives  him. 

Mr.  Field  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  October  1st,  1884. 
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THOMAS  DAVIS  LOVETT,  M.  Am.  Soc.  C.  E.* 


Died  Decembek  5th,  1897. 


Thomas  Davis  Lovett,  son  of  Captain  PyaraLovett  and  Lucy  Davis 
Lovett,  was  born  June  10th,  1823,  in  Beverly,  Mass. ,  where  he  grew  to 
young  manhood,  receiving  his  education  from  the  Beverly  Academy, 
and  later  in  New  York  City.  He  was  descended,  both  on  the  paternal 
and  maternal  side,  from  honorable  ancestors,  and  was  a  great  grand- 
son of  Benjamin  Lovett,  one  of  the  one  hundred  and  five  minute  men 
who  marched  from  Beverly  to  Concord,  October  19th,  1775.  While  at 
the  academy  his  father  had  him  employ  the  usual  Wednesday  and 
Saturday  half  holidays  in  learning  the  routine  of  book-keeping  and 
commercial  transactions  as  they  occurred  in  the  Beverly  Bank,  of 
which  Captain  Lovett  had  for  many  years  been  president.  It  was  the 
father's  exjaectation  that  the  son  would  succeed  him  in  that  office  of 
trust  and  responsibility,  but  after  his  return  from  school  at  New  York 
he  began  the  practical  study  of  civil  engineering  under  Frank  Ed- 
wards, at  Beverly,  about  1841  or  1842. 

With  that  principal,  his  first  railroad  employment  was  in  the  con- 
struction of  what  is  now  the  Gloucester  Branch  of  the  Boston  and 
Maine  Eailroad,  and  next  in  the  construction  of  the  road  then  known 
as  the  Portland,  Saco  and  Portsmouth  Railroad,  now  also  a  part  of  the 
Boston  and  Maine  system.  Soon  afterward  he  was  employed  on  the 
Troy  and  Boston  Railroad,  having,  for  a  time,  at  least,  responsible 
charge  of  maintenance  of  certain  portions  constructed,  this  leading  at 
a  later  period  to  his  rebuilding  the  bridge  masonry  on  the  branch  to 
historical  Bennington. 

The  surveys  for  the  eastern  portion  of  the  Hoosac  Tunnel  Line, 
known  as  the  Troy  and  Greenfield  Railroad,  incorjDorated  under  the 
auspices  of  t"he  Commonwealth  of  Massachusetts,  followed  in  1848  and 
1849,  or  later.  A  part,  at  least,  of  these  surveys,  and  possibly  those  for 
the  entire  line,  were  made  by  Mr.  Lovett.  He  and  a  young  English 
draughtsman*,  a  Mr.  Dillon,  prepared  extensive  and  elaborate  maps  of 
the  line,  including  the  great  tunnel,  which  were,  unfortunately,  all 
destroyed  by  fire  some  years  after.  While  this  and  the  corresponding 
work  was  under  way,  he  moved  from  Greenfield,  Mass.,  to  Shelbiirne 
Falls,  thence  to  North  Adams,  and  thence,  upon  the  completion  of 
these  undertakings,  to  Troy,  N.  Y.,  where  he  built  the  first  street-car 
line  of  that  city. 

In  1853,  Mr.  Lovett  moved  to  Chillicothe,  Ohio,  with  Captain 
Archibald  Kennedy  (formerly  of  the  Vermont  Central  Railroad),  and, 

*  Memoir  prepared  by  W.  B.  Ruggles  and  Samuel  Whinery,  Members,  Am.  Soc.  C.  E. 
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associated  witli  John  Waddle,  M.  J.  Becker  and  Jacob  Blickensderfer, 
all  of  whom,  in  later  years,  were  prominent  in  railroad  and  State  im- 
provements, was  soon  employed  in  the  location  and  construction  of  the 
Marietta  and  Cincinnati  Railroad.  Mr.  Lovett,  as  assistant  engineer, 
had  charge  of  part  of  the  construction  from  Chillicothe,  west,  toward 
Blanchester,  and  of  surveys  from  Blanchester  to  Cincinnati.  The 
lines  of  these  surveys  were  direct  and  permitted  of  lighter  grades  than 
those  finally  adoiited;  but,  as  much  of  the  projected  location  was  in 
close  proximity  to  the  Little  Miami  Railroad,  that  road  was  for  many 
years  used  as  an  entrance  into  the  city,  and  the  final  location  to  Cin- 
cinnati, finished  in  1869,  was  in  a  great  measure  determined  by  the 
necessity  of  reaching  connecting  lines  in  Cincinnati. 

While  making  these  surveys  he  lived  at  Goshen,  Ohio,  but  had  an 
office  on  Third  street,  Cincinnati,  not  far  from  that  occupied  by  him 
during  the  last  years  of  his  life,  nearly  forty -five  years  later. 

In  1855,  upon  the  completion  of  his  work  on  the  Marietta  and  Cin- 
cinnati Railroad,  Mr.  Lovett  went  to  McArthur,  Ohio,  on  the  line  of 
that  road,  and  associated  himself  with  others  for  the  purpose  of  de- 
veloping the  coal  fields  of  the  vicinity,  and,  incidentally,  he  laid  out 
and  built  up  the  town  of  Zaleski.  Later,  he  removed  to  Chillicothe, 
but  continued  his  connection  with  the  mines  imtil  they  were  sold  to 
English  parties.  While  these  enterprises  did  not  prove  financially 
very  profitable  to  Mr.  Lovett,  he  there  acquired  the  experience  and 
practical  knowledge  of  coal  operations  that  were  subsequently  valua- 
ble on  the  Ohio  and  Mississippi  Railway  and  the  Cincinnati  Southern 
Railway. 

Immediately  after  the  sale  of  these  mines,  and  in  February,  1860, 
he  removed  to  Cincinnati,  were  he  was  for  a  brief  time  employed  in 
the  City  Water -Works  Department.  His  early  experience  on  the  city 
passenger  tramways  of  Troy  was  soon  the  means  of  his  engagement 
for  the  construction  of  the  Third  Street  line  in  Cincinnati,  the  first 
street  railroad  built  in  that  city,  and,  shortly  afterward,  of  the  John 
Street  line,  the  next  road  completed. 

It  was  at  a  time  when  the  popular  prejudices  of  the  city  were 
against  these,  so  far  locally  untried,  public  conveniences,  and  it  re- 
quired, not  only  his  ability  as  a  constructing  engineer,  but  much  dijolo- 
matic  and  skilful  management  to  carry  the  jjroject  to  successful 
completion. 

Following  these  experiences,  and  in  the  same  year  (1860),  Mr. 
Lovett  entered  the  service  of  the  Eastern  Division  of  the  Ohio  and 
Mississippi  Railroad  Company  as  Chief  Engineer,  and  continued  with 
that  road,  with  one  interval  of  other  service,  until  1872.  At  the  time 
of  his  appointment,  George  B.  McClellan,  the  famous  general  of  a  few 
years  later,  was  General  Superintendent  of  the  road,  and  placed  im- 
plicit confidence  in  Mr.  Lovett,  giving  him  comjilete  charge  of  the 


MEMOIR    OF   THOMAS    DAVIS    LOVETT.  573 

engineering  of  the  road,  to  the  extent  of  not  even  giving  any  direct  or 
specific  instructions  iu  so  grave  an  emergency  as  the  collai^se  of  a 
bridge. 

Mr.  Wm.  F.  Biddle,  who  was  at  that  time  Division  Superintendent, 
has,  in  a  late  memorandum,  recorded  the  thoroughness  with  which  Mr. 
Lovett  looked  after  the  details  of  his  work,  and  says  :  "I  have  never 
forgotten  the  appreciation  and  admiration  that  were  inspired  by 
Lovett's  ability,  capacity  and  devotion  to  duty  during  that  very  ti-ying 
time." 

During  Mr.  Lovett's  first  term  of  service  with  the  road  many  im- 
provements were  made,  and  many  more  wisely  projected,  but  the 
emergencies  of  the  war  and  the  delay  incident  to  the  liquidation  and 
reorganization  of  the  company  were  such  that  the  important  measures 
urged  by  Mr.  Lovett  could  not  be  carried  out,  but  time  has  developed 
their  wisdom. 

Mr.  Lovett  left  the  service  of  the  road,  and,  in  1864,  went  to 
Boston,  and  there  acted  as  engineer  for  the  Messrs.  Stanton,  who  were 
engaged  in  general  contracting  work. 

He  maintained,  however,  an  active  interest  in  the  afiairs  of  the  East- 
ern and  Western  Divisions  of  the  Ohio  and  Mississipj^i  Railroad  Com- 
panies, which  were,  in  1867,  reorganized  as  one  corporation.  The  im- 
mediate occasion  of  his  return  to  the  West  was  the  failure  of  the  bridge 
over  the  Great  Miami  River.  Mr.  W.  D.  Griswold  was,  at  the  time, 
president,  and  he  at  once  telegraphed  Mr.  Lovett  to  return;  this  he 
did  on  November  1st,  1867,  and  for  seven  months  gave  unremitting 
attention  to  the  reconstruction  of  the  masonry  and  superstructure  of 
this  bridge. 

Then  folloAved  a  period  of  active  reconstruction  and  imj^rovement 
on  the  road,  in  the  course  of  which  all  the  principal  bridges  were  re- 
newed in  iron,  the  heaviest  grades  reduced,  coal  fields  developed,  and 
the  terminal  facilities  of  East  St.  Louis  and  Cincinnati  enlarged,  mak- 
ing such  provision  for  the  future  business  of  the  road  that  no  radical 
changes  and  but  few  extensions  or  rearrangements  have  since  been 
found  necessary. 

The  branch  line  from  North  Vernon  to  Louisville  was  built 
under  Mr.  Lovett's  direction  and  was  completed  in  1871.  This  is  a 
monument  that,  even  without  his  later  and  more  extensive  undertak- 
ings, would  have  established  his  reputation  for  judgment  and  ability; 
for  it  is  seldom,  in  a  region  where  1%  grades  are  considered  very  favor- 
able, that  a  cross-country  direct  line  50  odd  miles  long  can  be  so  located 
as  to  require  only  0.8^  grades,  and  these  falling,  with  two  short  exceji- 
tions,  in  one  direction,  making  jDractically  a  continuous  grade  from  the 
high  ground  at  North  Vernon  to  the  Ohio  River. 

There  still  remained  to  be  made  one  imjiortant  change  to  put  the 
road  on  a  basis  which  woiild  maintain  its  supremacy.     The  Ohio  and 
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Mississippi  "Railroad,  constructed  by  engineers  and  contractors  coming 
from  the  Erie  Railway,  was  laid  with  the  corresponding  6- ft.  gauge,  and 
formed,  with  that  road  and  the  Atlantic  and  Great  Western,  a  continu- 
ous broad-gauge  line  from  New  York  to  St.  Louis.  It  was  Mr.  Lovett's 
final  duty  to  change  to  standard  gauge  of  4  ft.  9  ins.  the  western  sec- 
tion of  these  systems. 

The  Ohio  and  Mississippi  was  the  first  railroad  of  any  considerable 
length  to  attempt  the  change  of  gauge  of  the  whole  line  without  any 
serious  interruption  of  the  train  service,  and  Mr.  Lovett  was  a  jDioneer 
in  this  as  in  many  of  his  other  undertakings.  The  change  from  6  ft.  to 
4  ft.  9-in.  gauge  was  so  considerable  that  it  was  necessary  to  move 
both  rails. 

The  most  complete  and  careful  preparations  Avere  made,  and  all  the 
minute  details  were  worked  out  and  provided  for  by  Mr.  Lovett. 
There  still  exist  among  the  papers  of  the  company  the  full  and  com- 
plete printed  instructions  and  tables  prejjared  by  him  for  the  work. 
On  Sunday,  July  16th,  1871,  the  change  of  gauge  was  made  on  the 
Louisville  branch  and  furnished  a  preliminary  test  of  the  plans  adojDted. 
One  week  later,  on  Sunday,  July  23d,  1871,  the  gauge  of  the  main  line 
was  changed  from  Cincinnati  to  St.  Louis,  a  distance  of  335  miles,  in 
the  remarkably  short  time  of  seven  hours.  It  was  at  the  time  justly 
considered  a  remarkable  feat,  and  its  successful  accomplishment 
illustrated  Mr.  Lovett's  great  executive  ability.  The  experience 
gained  in  this  work  rendered  Mr.  Lovett's  assistance  valuable  to 
other  roads  whose  gauge  was  changed  later,  and  he  was  called  in  con- 
sultation in  a  number  of  cases. 

Late  in  1872  his  connection  with  the  Ohio  and  Mississippi  Railway 
Company  ended,  and  in  October  of  that  year  he  entered  the  service  of 
the  City  of  Cincinnati  as  Principal  and  Consulting  Engineer  for  the 
construction  of  the  Cincinnati  Southern  Railway. 

Surveys  for  this  long-contemplated  thoroughfare  to  the  South  had 
been  made  under  the  direction  of  W.  A.  Gunn,  and  the  necessary  State 
and  municipal  legislation  secured  and  appropriations  jjrovided.  Of 
these  experimental  lines,  some  were  to  Nashville  and  some  to  Knox- 
ville  and  many  to  Chattanooga,  and  the  first  matter  to  be  determined, 
after  Mr.  Lovett  took  hold  of  the  project,  was  the  selection  of  a  line 
for  final  location.  Each  of  the  routes  had  its  earnest  advocates,  the 
choice  lying  principally  between  that  to  Knoxville  and  those  to  Chat- 
tanooga. This  problem  was  solved,  by  the  adoption  of  one  of  the  lines 
to  Chattanooga,  and  the  work  of  construction  was  soon  under  way,  the 
first  contract  for  grading  having  been  signed  in  December,  1873.  The 
magnitude  of  the  undertaking  is  indicated  less  by  the  total  length  of 
the  new  line,  336  miles,  than  by  the  character  of  that  line.  To  provide 
adequately  for  the  construction  of  nearly  5  miles  of  tunnels  at  twenty- 
seven  points,   fifty-seven  bridges,  aggregating  more  than  2   miles  in 
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length  and  3  miles  of  viaducts,  might,  iu  a  large  part,  be  delegated  to 
subordinates,  as  becomes  the  discreet  and  judicious  manager  of  large 
affairs  in  these  busy  times;  but  Mr,  Lovett,  iu  addition  to  the  usual  gen- 
eral supervision,  looked  closely  into  the  details  of  all  this  work.  Not 
only  was  the  construction  of  the  Cincinnati  Southern  Eailroad  one  of 
the  largest  and  most  important  public  works  of  the  period,  but  it  must 
be  remembered  that  some  of  the  structures  were  at  the  time  unique  in 
engineering  experience  and  practice. 

High  Bridge,  over  the  Kentucky  Eiver,  for  instance,  was  then  not 
only  the  highest  bridge  on  the  continent,  and  the  highest  railroad 
bridge  in  the  world,  but  it  was  probably  also  the  first  bridge  built  on 
the  cantilever  principle  without  falsework.  While  the  direct  credit 
for  its  design  and  construction  belongs  to  the  late  C.  Shaler  Smith,  the 
opportunity  might  never  have  been  afforded  to  him  had  not  the  chief 
engineer  of  the  road  been  a  man  of  broad  views  and  bold  engineering 
conceptions. 

The  channel  span  of  the  bridge  over  the  Ohio  River  at  Cincinnati 
was,  at  the  time  it  was  built,  decidedly  the  longest  trussed  girder  span 
in  the  world,  and  exceeded  what  at  that  time  was  considered  the  ex- 
treme practicable  limit  of  iron  truss  spans.  Its  history  furnishes 
another  illustration  of  Mr.  Lovett's  professional  courage. 

The  Ohio  being  a  navigable  stream,  the  location  for  the  proposed 
bridge  was  referred  to  the  usual  Board  of  United  States  Engineers. 
The  law  required  an  opening  of  400  ft. ,  but  a  controversy  arising  as  to 
whether  the  crossing  should  be  at  Smith  Street,  as  selected  by  the 
Board,  or  at  Ludlow,  as  desii-ed  by  the  representatives  of  the  river  in- 
terests, the  Board  gave,  as  an  ultimatum,  the  alternative  of  the  re- 
quired 400-ft.  opening  at  Smith  Street  or  of  a  500-ft.  opening  at 
Ludlow,  stating  in  effect  at  the  same  time  that  they  considered  a  span 
of  that  length  impracticable.  Mr.  Lovett,  however,  at  once  chose  the 
Ludlow  site,  and  the  span  was  made  515  ft. 

Considering  that  in  addition  to  heavy  and  costly  work  on  other 
portions  of  the  line,  that  part  of  the  road  from  the  vicinity  of  the  Cum- 
berland Eiver  to  the  Emory  Eiver,  crossing  the  Cumberland  Plateau, 
is  the  heaviest  and  most  expensive  continuous  stretch  of  railroad  of 
equal  length  in  America,  some  idea  may  be  formed  of  the  magnitude 
of  the  enterprise  and  the  difficulties  that  had  to  be  successfully  met. 

In  December,  1876,  when  nearly  the  whole  of  the  work  had  been 
let  and  the  greater  part  of  it  completed,  Mr.  Lovett  tendered  his  resig- 
nation as  principal  and  consulting  engineer,  and  soon  after  went 
abroad,  residing  for  some  time  in  Paris  where  there  was  at  the  time  of 
the  Exposition  of  1878  an  Exhibit  of  the  Cincinnati  Southern  Eailroad. 
This  display  led  to  his  being  engaged  by  French  capitalists  to  make 
surveys  for  a  line  of  railroad  from  Jerusalem  to  Joppa.  It  is  to  be  re- 
gretted that  little  is  known  of  his  experiences  there,  further  than  that 
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he  endeavored  to  have  all  i3oints  of  historical  interest,  as  far  as  pos- 
sible, rendered  accessible;  but,  that  a  practicable  line  was  developed, 
is  shown  by  its  later  construction. 

Mr.  Lovett,  however,  found  the  work  very  trying,  physically,  and 
one  effect,  little  suspected  by  even  those  who  knew  him  well,  was  the 
loss  of  the  use  of  one  eye.  Sick  with  a  prevailing  fever,  he  returned 
to  the  United  States,  and  soon  after  opened,  on  Third  Street,  in  Cin- 
cinnati, an  office  as  Consulting  Engineer. 

While  connected  with  the  Cincinnati  Southern  Railway  Mr.  Lovett 
had  become  interested  in  the  possibilities  of  the  coal  fields  along  the 
road,  and,  shortly  after  his  return,  invested  in  the  "Beaver  Creek  and 
Cumberland  River  Coal  and  Railroad  Company,"  which  investments 
he  held  until  his  death.  He  was  actively  engaged  during  the  succeed- 
ing years  in  the  management  and  development  of  this  property,  and 
of  his  real  estate  at  Beverly,  Mass.,  and  in  Kansas. 

In  the  intervals  of  professional  engagement,  he,  in  one  way  or  an- 
other, had  been  connected  with  many  other  enterprises.  While  acting  as 
Chief  Engineer  of  the  Ohio  and  Mississippi  Railway,  he  was  made  engi- 
neer for  the  Front  Street  Connecting  Railway  in  Cincinnati,  and  in 
that  capacity  designed  the  combination  rail  used  in  the  track.  He 
was  Consulting  Engineer  for  the  first  of  the  many  inclines  which  were 
a  distinguishing  feature  of  Cincinnati  suburban  development.  He 
had  a  remote  connection  with  the  erection  of  the  substructure  of  the 
Sabula  Bridge  of  the  Chicago,  Milwaukee  and  St.  Paul  Railroad  over 
the  Mississippi  River,  and  an  active  interest  in  the  erection  of  the  sub- 
structure for  the  St.  Charles  Bridge  over  the  Missouri  River.  He 
traveled  much,  both  professionally  and  for  recreation,  and  in  the 
course  of  a  busy  life  had  been  in  every  quarter  of  the  globe.  The  at- 
traction of  life  increased  with  his  years,  and  to  the  last  he  participated 
in  the  many  gatherings  of  professional  men,  where  he  was  always  a 
welcome  guest. 

Mr.  Lovett  selected  his  subordinates  with  rare  judgment.  On  the 
Ohio  and  Mississippi  and  the  Cincinnati  Southern  Railways  he  had, 
as  his  assistants,  T,  M.  R.  Talcott,  R.  L.  Read,  Isaac  Smith,  R.  L. 
Engle,  G.  Bouscaren,  Samuel  Whinery,  H.  R.  Weeks,  George  B.  Nich- 
olson, W.  P.  Clark,  Cabell  Breckinridge,  Robt.  B.  Stanton  and  Charles 
L.  Strobel,  all  of  whom  have  since  been  prominent  as  engineers  and 
nearly  all  of  them  members  of  the  American  Society  of  Civil  Engi- 
neers, and  active  in  its  affairs.  It  is  doubtful  if  a  better  corps  of  engi- 
neers than  that  on  the  Cincinnati  Southern  Railway  was  ever 
organized. 

Mr.  Lovett  was  married  Sejjtember  8th,  1846,  to  Sarah  Frances 
Folger,  of  Nantucket,  who  survives  him.  Of  four  children,  two  are 
living,  Mrs.  G.  W.  Pohlman  and  Mr.  Pyam  Lovett.  He  was  a  man  of 
strong  and  positive  character,  great  energy  and  of  suiserior  executive 
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ability;  quick  to  decide  and  forceful  to  execute  ;  bold  and  courageous 
in  liis  opinions  and  frank  and  plain  spoken  in  expressing  them;  fair 
and  honorable  in  his  business  relations  and  loyal  to  his  friends.  In- 
tolerant of  deceit  and  trifling,  he  was  a  just  and  considerate  superior, 
reposing  confidence  in  his  subordinates,  but  holding  them  to  a  strict 
accountability  in  their  professional  -work,  and  always  ready  to  appre- 
ciate and  give  full  credit  for  faithful  service  and  meritorious  work. 

Mr.  Lovett  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  3d,  1871. 


MIRTILIANO  SICARD,  M.  Am.  Soc.  C.  E.* 


Died  March  17th,  1896. 


Mirtiliano  Sicard  was  born  at  Bogota,  Colombia,  on  July  2d,  1840. 
He  was  the  son  of  Pedro  Sicard  Ponz,  a  Frenchman,  and  Maria  Josefa 
Perez  Bonalde,  a  Venezuelan. 

He  studied  literature  and  philosojjhy  at  the  Jesuits'  College  at 
Bogota  until  1854,  and  then  attended  the  Military  School  in  the  same 
city,  where  he  studied  engineering. 

In  1860,  with  the  co-operation  of  his  brothers,  he  founded  a  college 
atLerida,  which  college  was  afterward  successfully  transferred  by  them 
to  Ibague. 

In  order  to  devote  his  time  to  commercial  aftairs,  he  some  time 
later  severed  his  connection  with  the  college.  Soon  afterward  he  mar- 
ried Enriqueta  Urdaneta. 

His  career  as  an  engineer  began  at  that  time,  since,  in  consequence  of 
various  contracts  with  the  government,  he  brought  from  the  United 
States  iron  bridges  of  various  types  and  erected  them  over  the  rivers 
Combeima,  China,  Eotare,  Coello,  etc.,  works  which  honor  the  govern- 
ment which  defrayed  the  cost.  These  works  are  of  the  first  rank,  and 
are  a  credit  to  the  engineer  who  erected  them.  The  bridge  erected  by 
Mr.  Sicard  over  the  Coello  at  the  pass  "El  Chicoral"  ranks  with  the 
best  found  in  the  Department.  This  has  been  acknowledged  by  com- 
petent persons,  and  especially  by  Joaquin  Esguerra  in  his  geographical 
dictionary,  in  which  special  mention  is  made  of  the  bridges  erected  by 
Mr.  Sicard. 

*  Memoir  prepared  by  Julio  Sicard,  Esq. 
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Mr.  Sicard  was  intimately  connected  with  the  improvements  which 
were  undertaken  in  the  Department  under  various  governments,  and 
many  of  the  public  works  were  carried  out  under  his  management. 

Returning  from  a  recent  trip  to  the  United  States,  he  brought  back 
to  Colombia  the  machinery  for  a  mineral  assaying  office,  which  was 
established  at  Ibague.  Soon  after,  he  had  two  iron  boats  constructed 
in  the  same  country,  which  were  intended  for  the  rivers  Saldana  and 
Magdalena.     He  also  had  several  bridges  constructed. 

At  all  times  Mr.  Sicard  was  a  useful  member  of  society.  He  was 
constantly  employed,  and  the  offices  of  Secretary  of  the  Treasury, 
Rector  and  Trustee  of  the  Colegio  de  San  Simon  de  Ibague  and  Secre- 
tary of  Public  Instruction  in  the  Department  of  the  Tolima  were  suc- 
cessively filled  by  him.  In  this  last  employment  he  was  overtaken  by 
death,  at  Girardot,  on  the  17th  of  March,  1896,  at  a  time  when,  by 
order  of  the  Government,  he  was  starting  on  the  inspection  of  the  work 
on  the  Railway  of  the  Tolima. 

Mr.  Sicard  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  January  2d,  1882. 


MEMOIR   OF   HENRY    CLAY   YEATMAN".  579 

HENRY   CLAY   YEATMAN,  Jun.  Am.  Soc.  C.  E  * 


Died  December  20th,  1896. 


Henry  Clay  Yeatman,  the  eldest  son  of  Colonel  Henry  Clay  and 
Mary  Brown  Yeatman,  was  born  in  the  City  of  Nashville,  Tenn.,  March 
2d,  1866.  On  both  sides  (mother  and  father)  he  came  from  that  old 
original  sturdy  stock  that  made  Tennessee  famous  in  war  and  renowned 
in  the  councils  of  the  Nation,  and  whose  word  was  their  bond.  Col- 
onel Yeatman  was  on  the  staff  of  General  Leonidas  Polk  (the  Fighting 
Bishop)  during  the  late  rebellion  and  is  still  living  in  Maury  County, 
Tenn.  Mrs.  Yeatman  (Mary  Brown  Polk)  was  a  daughter  of  General 
Lucius  Junius  Polk,  one  of  the  first  settlers  of  Maury  County,  Tenn., 
and  she  was  also  a  great-niece  of  President  James  Knox  Polk. 

Henry  Clay  Yeatman,  Jr.,  passed  his  early  childhood  at  his  home 
in  Maury  County,  Tenn.,  and  attended  the  country  schools  in  the 
neighborhood  ixntil  he  was  fourteen  years  old.  He  then  went  to  school 
at  Winchester,  Tenn.,  for  one  year  and  for  a  time  attended  the  Uni- 
versity of  Tennessee  at  Knoxville. 

Leaving  the  University  of  Tennessee  he  went  to  Texas,  and  from 
April,  1883,  tintil  the  following  September  was  Rodman  on  the  Gal- 
veston, Harrisburgh  and  San  Antonio  Railway  on  the  location  of  sev- 
eral branches.  He  then  attended  Lehigh  University,  Pennsylvania, 
until  Janiiary,  1886,  and,  returning  to  Texas,  secui'ed  a  position  as 
Levelman  on  the  Mexican  International  Railway  in  Mexico,  and  held 
this  position  until  May,  1886.  From  May,  1886,  until  January,  1888, 
he  was  Assistant  Engineer  m  charge  of  bridging  and  track-laying  on 
the  same  road. 

From  1888  to  1889  he  was  Civil  Engineer  in  charge  of  the  Sabinas 
coal  mines  in  Mexico.  From  May,  1889,  until  August  of  the  same 
year  he  was  Engineer  in  charge  of  location  and  construction  of  in'igat- 
ing  works  for  the  Eagle  Pass  (Texas)  Irrigation  and  Water-Works 
Company.  From  August,  1889,  to  June,  1892,  he  was  Assistant  Engi- 
neer on  the  location  of  the  Mexican  Pacific  Railway  in  the  States  of 
Tabasco  and  Chiapas,  Mexico. 

His  health  failing  at  this  time,  in  the  low,  hot  States  of  Tabasco 
and  Chiapas,  he  returned  for  a  time  to  the  United  States.  In  1893  he 
went  to  work  again  on  location  on  the  Mexican  International  Railway, 
remaining  until  the  fall  of  1894,  when  he  went  to  Guatemala,  Avorking 
for  the  contractors  on  a  new  railway  project. 

While  in  Guatemala  he  was  directed  to  inspect  certain  contracts 
for  piling,  some  60  miles  down  the  coast.  He  set  out  in  an  open 
boat  with  one  companion,  exj)ecting  to  keep  close  to  the  shore,  biit  a 

*  Memoir  prepared  by  Samuel  Killebrew,  M.  Am.  Soc.  C.  E. 
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gale  striking  the  frail  craft,  carried  it  far  from  land,  capsizing  and 
sinking  it.  Catching  a  loose  yawl  that  was  on  the  boat  they  j^assed 
four  days  and  nights  in  a  drenching  rain,  all  the  while  bailing  the 
water  out  of  the  yawl,  and  were  without  food  or  drink  until  they  were 
rescued  by  a  passing  Norwegian  bark,  which  landed  them  at  Pensacola, 
Fla. ,  eight  days  later.  This  trip  nearly  cost  Mr.  Yeatman  his  life, 
but  being  of  strong  frame  and  robust  constitution  he  soon  rallied 
and  returned  to  work  on  location  on  the  Mexican  International  Rail- 
way, and  there  continued  until  September,  1896. 

He  was  absolutely  fearless,  never  hesitating  in  any  emergency,  re- 
gardless of  the  danger,  but  on  the  other  hand,  he  seemed  at  all  times 
to  court  danger.  He  was  generous  to  a  fault,  dividing  his  last  cent 
with  friend  or  foe. 

He  always  took  a  great  interest  in  all  that  were  under  him  and  never 
grew  tired  in  trying  to  advance  them  in  every  way  possible.  He  was 
happiest  when  crowded  to  full  capacity  with  work  and  was  a  most 
agreeable  assistant.  He  spent  the  last  few  years  of  his  life  in  Browns- 
ville, Tenn.,  where  he  made  a  host  of  friends  who  mourned  his  sudden 
and  unexpected  death. 

He  died  from  a  hemorrhage  of  the  lungs,  December  20th,  1896,  at 
the  Peabody  Hotel,  Memj^his,  Tenn.,  where  he  had  gone  to  spend  a 
few  days. 

Mr.  Yeatman  was  elected  a  Junior  of  the  American  Society  of  Civil 
Engineers  on  May  7th,  1890. 
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"FLUSHING  IN  PIPE  SEWERS,"     H.  N.  Ogden,  1. 

Discussion:    Rudolph  Hering,    15;    James  H.  Fuertes,  20;   G.   W. 

Tillson,  27;  H.  F.  Dunham,  28. 
Correspondence:   Wm.  B.  Landreth,  29;  L.  J.  Le  Conte,  29. 
FORMULA. 

Kutter's  —      C.  D.   Marx,    C.  B.  Wing  and  L.  M.  Hoskins,  506, 
516,  564;  A.  L.  Adams,  544,  545;  T.  A.  Noble,  546,  547;  L.  J.  Le 
Conte,  550;  D.  C.  Henny,  550. 
Weisbach's  —     E.  Kuichling,  535. 
FUERTES,  James  H.     Flushing  in  Pipe  Sewers,  20. 
GAUGES. 

Bourdon—    C.  D.  Marx,  C.  B.  Wing  and  L.  M.  Hoskins,  472. 

GOLDMARK,  Henry. 

Three-Hinged  Masonry  Arches,  78. 
Niagara  Railway  Arch,  161. 
Flow  of  Water  in  Pipes,  529. 
GREAT  LAKES,  Reservoir  System  of  the—     H.  M.  Chittenden  and 

James  A.  Seddon.     (With  Discussion.)     355,  401. 
GULF  OF  MEXICO,  "Origin  of  the  Gulf  Stream  and  Circulation  of 
the  Waters  in  the —  with  Special  Reference  to  the  Effect  on  Jetty 
Construction."     N.  B.  Sweitzer,  Jr.     (With  Discussion.)     86. 
GULF   STREAM,   "Origin  of  the—  and  Circulation  of  the  Waters 
in  the  Gulf  of  Mexico,  with   Special   Reference   to  the  Effect 
on  Jetty  Construction."     N.   B.  Sweitzer,  Jr.      (With   Discus- 
sion.)     86. 
HARROD,  B.  M. 

Marine  Wood-Borers,  210. 
Preservation  of  Piles,  210. 

Dredges  and  Dredging  on  the  Mississippi  River,  314. 
HAUPT,  L.  M. 

Origin  of  the  Gulf  Stream,  99. 
Circulation  of  Waters  in  the  Gulf  of  Mexico,  99. 
Jetty  Construction,  101. 

Dredges  and  Dredging  on  the  Mississippi  River,  340. 
Current  Deflectors,  340. 
Blasting,  to  remove  Bars  in  Rivers,  344. 
HENNY,  D.  C.     Flow  of  W^ater  in  Pipes,  550. 
HERING,  Rudolph.     Flushing  in  Pipe  Sewers,  15. 


HOSKINS,   LEANDER    M.  V 

HOSKINS,  Leander  M.      "  Exiaeriments  on  the  Flow  of  Water  in  the 
Six-Foot  Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric  Power 
Company,  at  Ogden,  Utah,"  471,  555. 
HYDRAULICS. 

' '  Exi^eriments  on  the  Flow  of  Water  in  the  Six-Foot  Steel  and 
Wood  Pipe  Line  of  the  Pioneer  Electric  Power  Company,  at 
Ogden,  Utah."  Charles  D.  Marx,  Charles  B.  Wing  and  Leander 
M.  Hoskins.     (With  Discussion.)     471. 

IMPROVEMENT  OF  RIVERS. 

"Dredges  and  Dredging  on  the  Mississippi  River."    J.  A.  Ocker- 
son.      (With  Discussion.)    215. 
JETTY   CONSTRUCTION. 

' '  Origin  of  the  Gulf  Stream  and  Circulation  of   the  Waters  in 
the   Gulf  of  Mexico,   with    Special    Reference    to    the    Eflfect 
on   Jetty    Construction."     N.   B.  Sweitzer,  Jr.     (With  Discus- 
sion.)    86. 
JOHNSON,  J.  B. 

Three-Hinged  Masonry  Arches,  77. 
Niagara  Railway  Arch,  164. 
Reservoir  System  of  the  Great  Lakes,  432. 
KASTL,  Alexander  E. 

Circulation  of  Waters  in  the  Gulf  of  Mexico,  115. 
Jetty  Construction,  115. 
KNAP,  J.  M.     Niagara  Railway  Arch,  151. 

KUICHLING,  EmL. 

Flow  of  Water  in  Pipes,  530. 

Mercury,  Specific  Gravity  of —  531. 
LANDRETH,  Wm.  B.     Flushing  in  Pipe  Sewers,  29. 
Le  CONTE,  L.  J. 

Flushing  in  Pipe  Sewers,  29. 

Marine  Wood-Borers,  212. 

Preservation  of  Piles,  212. 

Dredges  and  Dredging  on  the  Mississippi  River,  316. 

Flow  of  Water  in  Pipes,  548. 
LEW^NSON,  M.     Niagara  Railway  Arch,  155. 
LINDENTHAL,  Gustav. 

Three-Hinged  Masonry  Arches,  80. 

Niagara  Railway  Arch,  153. 
LOVETT,  Thomas  Davis.     Memoir  of—  571. 
MANLEY,  Henry. 

Marine  Wood-Borers,  210. 

Preservation  of  Piles,  210, 


VI  MANOMETERS. 

MANOMETERS.  "  Experiments  on  the  Flow  of  Water  in  the  Six- 
Foot  Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric  Power 
Company,  at  Ogden,  Utah."  C.  D.  Marx,  C.  B.  Wing  and  L. 
M.  Hoskins.     (With  Disciission.)     471. 

"MARINE  WOOD-BORERS."     Charles  H.  Snow,  178. 

Discussion:  Walter  G.    Berg,   210;  B.    M.     Harrod,     210;    Henry 

Manley,  210;  B.  L.  Crosby,  211;  Robert  Moore,  211. 
Correspondence:  Francis  Collingwood,  212;  L.  J.  Le  Conte,  212. 

MARX,  Charles  D.  "  Experiments  on  the  Flow  of  Water  in  the  Six- 
Foot  Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric  Power 
Company  at  Ogden,  Utah."     471,  555. 

"MATHEMATICAL  ANALYSIS  OF  THE  INFLUENCE  OF  RESER- 

voirs  on  Stream-Flow."     James  A.  Seddon,  401,  441. 
MEMOIRS. 

William  Ezra  Worthen,  565. 
Burr  Kellogg  Field,  568. 
Thomas  Davis  Lovett,  571. 
Mirtiliano  Sicard,  577. 
Henry  Clay  Yeatman,  579. 
METCALF,  WiiiLiAM.     Relation  of  Tensile  Strength  to  Composition  in 

Structural  Steel,  458. 
METERS. 

Venturi —     "Experiments  on  the  Flow  of  Water  in  the  Six-Foot 
Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric  Power  Com- 
pany, at  Ogden,  Utah."     C.   D.   Marx,   C.   B.   Wing  and  L.  M. 
Hoskins.     (With  Discussion.)     471. 
MISSISSIPPI    RIVER.      Dredges    and    Dredging   on  the—      J.  A. 

Ockerson.     (With  Discussion.)     215. 
MITCHELL,    W.    S.     Dredges    and    Dredging    on   the    Mississippi 

River,  321. 
MOLITOR,  David  A.     "  Three-Hinged  Masonry  Arches;  Long  Spans 

Especially  Considered."     31,  83. 
MONCRIEFF,  J.  M.     Niagara  Railway  Arch,  162. 
MOORE,  Robert. 

Marine  Wood-Borers,  211. 
Preservation  of  Piles,  211. 
NAVIGATION.     "Reservoir  System  of  the  Great  Lakes  of  the  St. 
Lawrence  Basin;  Its  Relation  to  the  Problem  of  Improving  the 
— of  these  Bodies  of  Water  and   Their  Connecting  Channels." 
Hiram  M.  Chittenden.     (With  Discussion.)     355. 
"  NIAGARA  RAILWAY  ARCH."     R.  S.  Buck,  125. 

Discussion:  J.  M.  Knap,  151;  J.  W.  Schaub,  151;  Gustav  Linden- 
thai,  153;  M.  Lewinson,  155;  F.  W.  Skinner,  155;  L.  L.  Buck,  158. 


NIAGARA    RAILWAY    ARCH.  VII 

Correspondence:  Henry  Goldmark,  161;  J.   M.  Moncrieff,  162;  J. 
B.  Johnson,  164;  G.  M.  Braune,  166;  K.  S.  Buck,  171. 
NOBLE,  Theeon  A.     Flow  of  Water  in  Pipes,  546. 
OCKEESON,    J.    A.     "Dredges   and   Dredging   on   the    Mississippi 

River,"  215,  348. 
OGDEN,  H.  N.     "  Flushing  in  Pipe  Sewers,"  1. 

"ORIGIN   OF   THE    GULF   STREAM   AND    CIRCULATION    OF 
the  Waters  in  the  Gulf  of  Mexico,  With  Special  Reference  to 
the  Effect  on  Jetty  Construction."     N.  B.  Sweitzer,  Jr.,  86. 
Discussion:    L.  M.  Haupt,  99;    Thomas  D.    Pitts,    106;   Brewster 

Cameron,  110. 
Correspondence:  George  Y.  Wisner,  113;  A.  F.  Wrotnowski,   114; 
Alexander  E.  Kastl,  115;  Thomas  L.  Raymond,  116;  H.  C.  Rip- 
ley, 117;  N.  B.  Sweitzer,  Jr.,  122. 

PIEZOMETERS. 

"  Experiments  on  the  Flow  of  Water  in  the  Six-Foot  Steel  and 
Wood  Pipe  Line  of  the  Pioneer  Electric  Power  Company,  at 
Ogden,  Utah."     C.    D.   Marx,  C.  B.  Wing  and  L.   M.  Hoskins. 
(With  Discussion.)     471.     ' 
PILES. 

Hydraulic  Mooring—     J.  A.  Oekerson,  248. 

Preservation  of—    Chas.  H.  Snow,  203;  Walter  G.  Berg,  210;  B. 
M.  Harrod,  210;  Henry  Manley,  210;  Robert  Moore,  211;  F.  Col- 
lingwood,  212;  L.  J.  Le  Conte,  212. 
PIPE. 

"Experiments  on  the  Flow  of  Water  in  the  Six-Foot  Steel  and 
Wood —  Line  of  the  Pioneer  Electric  Power  Company,  at 
Ogden,  Utah."  Charles  D.  Marx,  Charles  B.  Wing  and  Leander 
M.  Hoskins.     (With  Discussion.)     471. 

PITTS,  Thomas  D. 

Circulation  of  Waters  in  the  Gulf  of  Mexico,  106. 

Jetty  Construction,  106. 
PUMPS. 

Centrifugal —      "Dredges    and     Dredging     on    the    Mississippi 
River."     J.  A.  Oekerson.     (With  Discussion.)     215. 
RAFTER,  GeokgeW. 

Reservoir  System  of  the  Great  Lakes,  436. 

Rainfall,  436. 
RAILROADS,  Bridges. 

"The  Niagara  Railway  Arch."     R.   S.  Buck.      (With  Discussion.) 
125. 
RAINFALL. 

In  and  adjacent  to  Basin  of  the  Great  Lakes.     G.  W.  Rafter,  436. 


VIIl  RAYMOND,    THOMAS    L. 

EAYMOND,  Thomas  L.       - 

Circulation  of  the  Waters  in  tlie  Gulf  of  Mexico,  116. 

Jetty  Construction,  116. 
"  RELATION  OF  TENSILE    STRENGTH  TO  COMPOSITION  IN 

Structural  Steel —     Additional   Discussion    on   Paper   No.  811." 
William  R.  Webster,  449;  A.  C.  Cunningham,  456;  H.  H.  Camp- 
bell, 457;  William  Metcalf,  458;  William  R.  Webster,  458. 
RESERVOIRS. 

"  Mathematical    Analysis    of   the  Influence   of —     upon   Stream 
Flow."     James  A.  Seddon.     (With  Discussion.)     401. 

Reservoir  System  of  the  Great  Lakes,  etc.  Hiram  M.  Chitten- 
den. (With  Discussion.)  355. 
"RESERVOIR  SYSTEM  OF  THE  GREAT  LAKES  OF  THE  ST. 
LaAvrence  Basin;  Its  Relation  to  the  Problem  of  Improving  the 
Navigation  of  these  Bodies  of  Water  and  Their  Connecting 
Channels."  Hiram  M.  Chittenden,  355;  "With  a  Mathe- 
matical Analysis  of  the  Influence  of  Reservoirs  upon  Stream 
Flow."     James  A.  Seddon,  401. 

Discussion:  George  Y.  Wisner,   428;  H.  W.    Brinckerhoflf,  431;  J. 
B.  Johnson,  432. 

Correspondence:    Thomas   P.    Roberts,    433;  George   W.  Rafter, 
436;  James  A.  Seddon,  441;  H.  M.  Chittenden,  443. 
RIPLEY,  H.  C. 

Circulation  of  the  Waters  in  the  Gulf  of  Mexico,  117. 

Jetty  Construction,  117. 

RIVERS. 

"  Mississippi.     Dredges  and  Dredging  on  the —  "     J.  A.  Ockerson. 
(With  Discussion.)     215. 

ROBERTS,    Thomas  P.       Reservoir    System    of    the    Great  Lakes, 
433. 

ROBINSON,  A.  W.     Dredges  and  Dredging  on  the  Mississippi  River. 
345. 

SCHAUB,  J.  W.     Niagara  Railway  Arch,  151. 

SEDDON,   James  A.     "Mathematical   Analysis    of  the   Influence   of 
Reservoirs  upon  Stream  Flow,"  401,  441. 

SEWERAGE. 

"Flushing  in  Pipe  Sewers."  H.  N.  Ogden.     (With  Discussion.)    1. 

SICARD,  Mirtiliano.     Memoir  of—     577. 

SKINNER,  F.  W.     Niagara  Railway  Arch,  155. 

SNOW,  Charles  H.     "  Marine  Wood-Borers,"  178. 

STEEL.      "Relation  of   Tensile  Strength  to  Composition  in   Struc- 
tural—"    W.R.Webster.      (With  Discussion.)     449. 


STREAM-FLOW.  IX 

STREAM-FLOW.  "  Mathematical  Analysis  of  the  Influence  of  Reser- 
voirs tij^on—  "     James  A.  Seddon.     (With  Discussion.)     401. 

SWEITZER,  N.  B.,  Jr.  "  Origin  of  the  Gulf  Stream  and  Circulation 
of  the  W^aters  in  the  Gulf  of  Mexico,  Avith  Special  Reference  to 
the  Effect  on  Jetty  Construction,"  86,  122. 

"THREE-HINGED    MASONRY  ARCHES ;    LONG   SPANS    ESPE- 
cially  Considered."     David  A.  Molitor,  31. 
Discussion:  W^alter  G.  Berg,  77;  J.   B.  Johnson,  77:  Henry  Gold- 
mark,  78. 
Corresjoondence:  Gustav  Lindenthal,  80;  David  A.  Molitor,  83. 

SUSPENSION  BRIDGES.  "The  Niagara  Railway  Arch."  R.  S. 
Buck.      (With  Discussion.)     125. 

TEREDO. 

"  Marine  Wood-Borers. "  Charles  H.  Snow.  (W^ith  Discussion.) 
178. 

TILLSON,  G.  W.     Flushing  in  Pipe  Sewers,  27. 

TIMBER. 

Preservation  of—  Charles  H.  Saow,  203;  W.  G.  Berg,  210;  B. 
M.  Harrod,  210;  Henry  Manley,  210;  Robert  Moore,  211;  F. 
Collingwood,  212;  L.  J.  Le  Conte,  212. 

TRAUTWINE,  John  C,  Jr.     Flow   of  Water  in  Pipes,  528. 

WATER. 

Flow  of —  "  E.\periments  on  the  Flow  of  Water  in  the  Six-Foot 
Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric  Power  Com- 
pany, at  Ogden,  Utah."  C.  D.  Marx,  C.  B.  Wing  and  L.  M. 
Hoskins.     (With  Discussion.)     471. 

WEBSTER,  William  R.  "  Relation  of  Tensile  Strength  to  Composi- 
tion in  Structural  Steel —  Additional  Discussion  on  Paper  No. 
811."     449,  458. 

W^ESTON,  Edmund  B.     Flow  of  Water  in  Pipes.     548. 

WHEELER,  W.  H.  Dredges  and  Dredging  on  the  Mississippi  River, 
318. 

WILLIAMS,  Gardner  S.     Flow  of  Water  in  Pipes,  528. 
WING,  Charles  B.      "  Exijeriments  on  the  Flow  of  Water  in  the  Six- 
Foot  Steel  and  Wood  Pipe  Line  of  the  Pioneer  Electric   Power 
Company,  at  Ogden,  Utah,"  471,  555. 
WISNER,  George  Y. 

Circulation  of  Waters  in  the  Gulf  of  Mexico,  113. 

Jetty  Construction,  113. 

Reservoir  System  of  the  Great  Lakes,  428. 

W^OOD-BORERS,  "  MARINE— "  Charles  H.  Snow.  (W^ith  Discus- 
sion.)    178. 


X  WOOD. 

WOOD. 

Preservation  of —  Charles  H.  8now,  203;  Walter  G.  Berg,  210; 
B.  M.  Harrod,  210;  Henry  Manley,  210;  Robert  Moore,  211;  F. 
CoUingwood,  212;  L.  J.  Le  Conte,  212. 

WOOLLEY,  A.  F.,  Jr      Dredges  and    Dredging    on    the    MississipjDi 

Eiver,  329. 
WORTHEN,  William  Ezra.     Memoir  of—     565. 
WROTNOWSKI,  A.  F. 

Circulation  of  Waters  in  the  Gulf  of  Mexico,  114. 

Jetty  Construction,  114. 
YEATMAN,  Henry  Clay.     Memoir  of—    579. 
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